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ABSTRACT 
Glacier motion and sediment transport are attributed commonly to pervasive shearing 
of subglacial till to high strains (the bed-deformation hypothesis). However, the processes 
that control bed deformation are difficult to observe beneath modern glaciers, and 
observations of the geologic record have not been sufficient to determine whether tills have 
been sheared to the high strains required by this hypothesis. 
The shear strength of the ice-till interface controls whether a glacier slips over its bed or 
shears it pervasively over much of its thickness, with major ramifications for the flux of 
sediment transported subglacially. When clasts gripped by basal ice plow through the bed, 
the ice-till interface is weakened. A ring-shear device was used to study resistive forces on 
plowing clasts as a function of plowing speed. Results of experiments in which hemispheres 
were pushed through water-saturated till indicate a progressive decrease in resistive force on 
hemispheres with increasing plowing speed. This effect is due to the generation of high 
pore-water pressures in front of the hemispheres at fast plowing speeds (e.g. 380 m y"1), 
which weakens till and reduces resistive forces. These results indicate that increases in 
glacier sliding speed will reduce resistive forces exerted by till on plowing clasts, which will 
promote decoupling of the ice from the bed and inhibit pervasive bed deformation. In 
addition, this positive pore-pressure feedback may constitute a flow instability that promotes 
fast glacier flow. 
The ring-shear device was also used to develop criteria at microscopic scales for 
identifying highly sheared tills. Results of experiments indicate that the alignment (fabric) of 
elongate, sand-sized particles becomes strong at high strains. Furthermore, microshears 
vii 
become more abundant and align progressively with the shearing direction as strain 
increases. Magnetic fabrics calibrated to strain in an ancillary ring-shear study and sand-
particle fabrics were used to test the till-deformation model as applied to the Batestown 
advance of the Lake Michigan Lobe. Results indicate that magnetic and sand-particle fabrics 
are not sufficiently strong to support the bed-deformation model. Furthermore, consistent 
changes in fabric direction with depth and fabric patterns around cobbles and small boulders 
indicate that the till likely sheared only in thin zones near the glacier sole during till accretion 
to the bed from ice. Bed shearing likely contributed only minimally to sediment transport. 
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CHAPTER 1. INTRODUCTION 
Large quantities of fresh water that entered the North Atlantic Ocean during the 
Quaternary are thought to have caused significant shifts in oceanic circulation (Licciardi et 
al., 1999; Seidov and Maslin, 1999), and the associated feedbacks resulted in dramatic 
climate fluctuations globally (Manabe and Stouffer, 1995; Clark et al., 2002). These fresh­
water inputs were linked to rapid fluctuations in continental ice sheets (MacAyeal, 1993; 
Clarke and Marshall, 1998), which resulted in massive discharges of icebergs (Bond et al., 
1992; Broecker, 1994) and the redistribution of continental drainage (Licciardi et al., 1999) 
into the North Atlantic. Additionally, fast motion of these ice sheets likely caused abrupt 
shifts in atmospheric circulation (Manabe and Broccoli, 1985; Felzer et al., 1996). 
Lobes of the Laurentide Ice Sheet moved rapidly into southern latitudes (Patterson, 
1997; Johnson and Hansel, 1999) across unlithified sediment (soft beds). The mechanisms 
by which these lobes moved are important to understand not only because of the climatic 
feedbacks associated with fast glacier flow, but also because glacial landscapes (drumlin 
fields, moraine complexes, and till plains) are related to these mechanisms. 
The motion of glaciers may occur by internal ice deformation, sliding across the bed 
surface, plowing of clasts gripped by ice through the bed, or pervasive shearing of the bed at 
depth. Fast glacier flow is most commonly associated with the last three of these processes, 
and the partitioning of that motion between sliding, plowing, and bed deformation is 
dependent upon the coupling of the glacier to its bed. High subglacial water pressures 
weaken subglacial sediment and potentially enable glacier movement by shearing of the bed. 
Measurements beneath glaciers indicate that this process may be important (Porter et al., 
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1997; Truffer et al., 2000). However, measurements in boreholes drilled to the bottom of Ice 
Stream B, a soft-bedded glacier in West Antarctica, indicate that sliding of ice over the bed 
accounts for 83% of basal motion (Engelhardt and Kamb, 1998). Additionally, borehole 
measurements indicate that high subglacial water pressures tend to decouple a glacier from 
its bed (Iverson et al., 1995; Hooke et al., 1997; Fischer and Clarke, 2001) and that increases 
in the rate of basal slip correlate with periods of increased basal water pressure (Blake et al., 
1994). Basal slip is most likely accommodated by plowing of clasts through the bed surface 
(Iverson, 1999). High basal water pressures may weaken the bed sufficiently to promote 
plowing, resulting in motion focused at the ice-bed interface (Fischer and Clarke, 1994). 
The effect of plowing clasts on the coupling of a glacier to its bed has received some 
study. Reconstructions of some past glaciers have shown that motion was likely by plowing 
(Brown et al., 1987; Hooyer and Iverson, 2002). However, other authors have concluded that 
plowing could have occurred only for a very narrow range of conditions (Alley, 1989) and 
that widespread plowing was not possible without pervasive bed deformation. Evidence of 
clasts that have plowed has been preserved in the geologic record (Clark and Hansel, 1989; 
Jorgensen and Piotrowski, 2003). Plowing of much larger "ice keels" has been hypothesized 
to explain regional-scale lineations in glacial landscapes (Clark et al., 2003). Borehole 
studies at modern glaciers have shown that the resistance to pushing a steel rod laterally 
through a soft bed is sensitive to pore-water pressure near the rod (Fischer et al., 1998) and 
that pore pressure in front of the rod can be increased by increases in plowing speed 
(Rousselot and Fischer, 2005). 
If plowing is not prevalent beneath a soft-bedded, wet-based glacier, subglacial 
sediment deformation is likely, especially when bed strength is reduced by high subglacial 
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water pressure. Evidence of deformation in glacial deposits has been recognized commonly 
(e.g. Hart and Roberts, 1994; Piotrowski and Kraus, 1997; van der Wateren, 1999). The 
hypothesis that glaciers may move primarily by shearing their beds became popular after a 
study beneath the margin of Breidamurkurjokull in Iceland, where bed deformation was 
thought to account for 90% of glacier motion (Boulton and Hindmarsh, 1987). This 
hypothesis as been indirectly supported by seismic measurements beneath Ice Stream B in 
Antarctica, which revealed that the glacier bed was composed of a layer of water-saturated, 
porous sediment approximately 6 m thick (Blankenship et al., 1986); these authors speculated 
that its high porosity reflected dilatancy caused by shear. Since these studies, the bed-
deformation hypothesis has been applied widely to models of past ice sheets (Boulton, 
1996a; Jenson et al., 1996; Clark et al., 1999) and has been proposed as a potential 
mechanism for unstable flow of modern glaciers (Humphrey et al., 1993; Porter et al., 1997; 
Truffer et al., 2000). Bed deformation has been invoked in interpretations of the genesis of 
extensive till sheets in North America (Boulton et al., 1996b; Jenson et al., 1995) and 
drumlins and moraines (Boulton, 1987; Hart, 1997; Johnson and Hansel, 1999). 
An important aspect of the bed-deformation hypothesis is that glaciers are assumed to 
move and transport sediment primarily by shearing their beds. Since during its occupation of 
a given area a glacier will move a distance that is very long relative to the thickness of its 
deformable bed, an important implication of the bed deformation hypothesis, is that the bed 
is not only sheared but sheared to very high strains (102-105) (Thomason and Iverson, in 
press). 
Because glacial sediments are widespread, particularly tills in the U.S. Midwest, 
interpretations of basal processes have been derived mostly from the geologic record. 
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Macroscopic observations in glacially-derived sediments include prows and grooves 
preserved near clasts that have plowed (Clark and Hansel, 1989; Jorgensen and Piotrowski, 
2003), folds, faults, and boudins in subglacial sediments (Hart and Roberts, 1994; Piotrowski 
and Kraus, 1997; van der Wateren, 1999), and measurements of elongate-clast fabric in tills 
(Dowdeswell and Sharp, 1986; Hart, 1994; Benn 1995). Mechanisms of sediment transport 
and deposition, which are clearly linked to mechanisms of glacier motion, have been inferred 
from these observations (Larson and Piotrowski, 2003). Recently, even the sliding speed of 
past glaciers has been estimated from measurements of clasts that have plowed (Iverson and 
Hooyer, 2004). When used to test the bed-deformation hypothesis, however, macroscopic 
observations have yielded conflicting interpretations. For example, weak clast fabrics have 
been used to support (Hart, 1994) and refute (Hooyer and Iverson, 2002) the bed-deformation 
hypothesis. Moreover, many macroscopic features (e.g. folds, deformed sand lenses) are 
indicative of a deformed bed but become homogenized at the large strains required by this 
hypothesis (Hart and Boulton, 1991; van der Wateren, 2000). 
Microscopic observations from the geologic record have also contributed to 
understanding sedimentological processes in glacial environments. These observations 
include discrete shears (van der Meer, 1993, 2003), particle rotational structures (van der 
Meer, 1997), water escape structures (Menzies, 2000), and preferred particle alignment 
(Evenson, 1971; Johnson, 1983; Yi and Cui, 2001; Carr and Rose, 2003). Descriptions and 
classifications of microstructures in glacially derived sediments have been used to interpret 
modes of till deposition (Lachniet et al., 2001), to distinguish between glacial and non-glacial 
environments (Lachniet et al., 1999; Menzies and Zaniewski, 2003), and to infer processes 
that formed drumlins and flutes (Menzies et al, 1997; Fuller and Murray, 2000). Analyses of 
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the alignment of magnetic grains in tills (anisotropy of magnetic susceptibility) have also 
been used to infer ice flow directions (Fuller, 1964; Stupavsky et al., 1974) and to constrain 
depositional environments (Eyles et al., 1987). These microscopic attributes may be 
preserved at higher strains than macroscopic features. However, no convincing criteria have 
been developed for estimating the magnitude to which basal sediments of past glaciers have 
been sheared, particularly in massive tills where macroscopic features may have been 
homogenized by high strains in the bed. Thus, the relative contribution of basal processes 
(bed deformation, sliding, or plowing) to motion of past glaciers is poorly constrained by 
field measurements. 
Theoretical and laboratory studies have provided insight into interpreting conditions at 
the beds of past ice sheets. Some models have incorporated till-strength parameters to 
estimate the resistance to clast plowing exerted by the bed (Iverson, 1999; Tulaczyk, 1999). 
Iverson (1999) adapted geotechnical theory of cone penetration (Senneset and Janbu, 1985) 
and glacier sliding theory (Lliboutry, 1979) to model the shearing resistance of plowing 
clasts. Others have applied viscous flow laws to till to estimate plowing resistance (Alley, 
1989). However, pore-water pressures in excess of hydrostatic, which may commonly 
develop in front of plowing clasts and decrease till strength, have never been included in 
models of plowing. Such excess pore pressure may weaken the bed surface and thereby 
decrease the potential for pervasive deformation of the bed at depth. Similar to studies with 
rocks and other sediments (Morgenstem and Tchalenko, 1967; Logan et al., 1992; Beeler, 
1996), laboratory studies of deformed till, where strain is controlled, have related 
deformation structures to strain magnitude. Ring-shear experiments have been used to 
quantify the alignment of elongate pebble-sized clasts with shear (Hooyer and Iverson, 
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2000a), to quantify the degree to which different tills mix upon shearing (Hooyer and 
Iverson, 2000b), and to relate geotechnical and microstructural properties of sheared till to 
field samples (Muller and Schluchter, 2001). Microstructure development with strain has 
also been studied in ceramic clay (a material similar to some tills) deformed in uniaxial 
compression (Heimstra and Rijsdijk, 2003), but these experiments were conducted to strains 
that are orders of magnitude smaller than those required of the bed-deformation hypothesis. 
A major goal of this research was to study the physical processes that control the 
resistance to clast plowing and associated coupling of a glacier to its bed. A large ring-shear 
device was adapted to push idealized clasts (hemispheres) through water-saturated till at 
glacial speeds to study the effects of plowing speed and till properties on plowing resistance. 
The results indicate that increases in plowing speed generally decrease plowing resistance, 
contradicting models that assume till behaves as a viscous fluid (Alley, 1989). Excess pore 
pressures develop in front of the plowing clasts, which decrease till strength and plowing 
resistance. A plowing model developed from cone-penetration theory (Senneset and Janbu, 
1985) successfully estimates shear stresses observed in experiments and accounts for excess 
pore pressures near clasts. The results imply that if plowing dominates basal motion of a 
glacier, increases in plowing speed may accentuate fast glacier flow, with a decrease in the 
tendency for the bed to deform pervasively at depth. 
This research was also aimed at quantifying the development of microstructural 
features in till during shear deformation. The ring-shear device was used to shear large till 
specimens to various shear strains up to 108. Results of experiments conducted with two 
different tills indicate that elongate sand-size particles and microshears become generally 
aligned with the shearing direction with strain and remain aligned with increasing strain. 
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These results are consistent with experimental pebble fabrics (Hooyer and Iverson, 2000a) 
and fabrics associated with anisotropy of magnetic susceptibility (Hooyer et al., in review): 
strong fabrics form parallel to the flow direction in tills sheared to high strains. Sand-particle 
fabrics and magnetic fabrics measured in a basal till (Batestown till, Lake Michigan lobe) are 
generally weaker than those expected from the high strains required of the bed-deformation 
hypothesis. Furthermore, uniform changes in fabric direction with depth reflect changes in 
ice-flow direction, suggesting that strain accumulated only in thin, progressively accreting 
layers of till near the glacier sole. Fabric patterns around cobbles and small boulders provide 
evidence for local deformation of till over thicknesses greater than the clasts but also display 
evidence of plowing and lodgment. Overall, these data contradict assumptions that the 
Batestown till was transported and deposited in a thick deforming subglacial layer (Boulton 
et al., 1996; Jenson et al., 1995; 1996a). 
Dissertation organization 
This thesis consists of three major parts (Chapters 2, 3, and 4), organized for separate 
submission to journals, and a brief summary of conclusions (Chapter 5). This format 
requires slight redundancy between chapters. A modified version of Chapter 3 has been 
accepted for publication in Quaternary Science Reviews. The other two papers will be 
revised and condensed prior to their submission. 
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CHAPTER 2. A LABORATORY STUDY OF CLAST PLOWING: 
IMPLICATIONS FOR FAST FLOW OF SOFT-BEDDED GLACIERS 
Introduction 
Abrupt, severe climate fluctuations at millennial scales (102 to 105 years) may be 
associated with rapid flow of northern hemisphere ice sheets during the Quaternary period 
(MacAyeal, 1993; Clarke and Marshall, 1998; Clark et al., 1999). Movement of these ice 
masses altered atmospheric circulation patterns (Felzer et al., 1996), redistributed continental 
drainage (Licciardi et al., 1999), and added to and redistributed discharges of fresh water to 
the oceans (Manabe and Stouffer, 1995). Large portions of former ice sheets, such as the 
Laurentide and Scandinavian ice sheets, moved rapidly over deformable sediment (soft beds) 
(Jenson et al, 1996; Liccardi et al., 1998), and similar conditions exist beneath glaciers and 
ice sheets today (e.g., Blankenship et al., 1986; Fischer and Clarke, 2001; Bindschadler et al., 
2003). Thus, the mechanisms by which these glaciers move are important to investigate. 
Studies of modern glaciers have shown fast glacier flow occurs due to motion at the bed 
(Boulton and Hindmarsh, 1987; Alley, 1989; Fischer and Clarke, 1997; Iverson, et al., 2003) 
and that for soft-bedded glaciers it may occur either near the ice-bed interface by a 
combination of sliding and plowing or by pervasive deformation of the bed over a large 
fraction of the bed thickness. The partitioning of basal motion between these mechanisms 
depends on the mechanical coupling between the ice and the bed, which is in turn modulated 
by basal hydraulic conditions. For example, high basal water pressures tend to weaken the 
coupling between the ice and bed and promote motion focused at the ice-bed interface (Blake 
et al, 1994; Iverson et al., 1995; Hooke et al., 1997). However, high subglacial water 
pressures also weaken underlying sediment and potentially enable pervasive deformation of 
the bed. 
The hypothesis that soft-bedded glaciers move primarily by pervasively deforming their 
beds has been widely applied in models of glacier flow and sediment transport. Models of 
landform development by bed deformation have been used to explain the genesis of drumlins 
(Boulton, 1987; Menzies et al., 1997), moraines (Boulton, 1996a; Johnson and Hansel, 
1999), and basal till plains (Jenson et al., 1995; Boulton, 1996b). The bed-deformation 
hypothesis has also been used in models of Pleistocene ice sheets to explain their thin, 
gently-sloping morphology and rapid movement into low latitudes (Beget, 1986; Licciardi et 
al., 1998). However, direct field evidence in support of the bed-deformation hypothesis is 
minimal (Boulton and Hindmarsh, 1987). 
Alternatively, clasts in basal ice that protrude into the bed may plow through it, such 
that the bed does not shear at depth. This study investigates the resistance to motion of such 
clasts, which ultimately controls whether a glacier grips the bed strongly enough to shear it. 
Laboratory experiments with a ring-shear device are described in which hemispheres were 
dragged through water-saturated till. The effects of plowing speed and till properties on 
resistance to plowing were measured for the first time. A model was developed from cone-
penetration theory that allows measured resistive forces to be estimated by incorporating 
excess pore-water pressures and the boundary effects of the ring-shear device. Only by 
estimating the resistance to plowing will there be a rational basis for estimating the 
conditions under which glaciers shear their beds pervasively. 
17 
Background 
Clasts that are partially embedded in a soft glacier substrate provide resistance to slip 
across the bed. However, a clast will plow through the bed surface when the shear stress 
exerted by the ice equals the yield strength of the sediment bed, which is commonly till (Fig. 
la). Glacier sliding theory indicates that the drag stress on a clast will be dependent on the 
combined effects of regelation and viscous flow of ice past it (Weertman, 1964, Lliboutry, 
1979; Brown et al., 1987). Regelation results from elevated ice pressure on the up-glacier 
side of a clast causing melting, with refreezing of meltwater down-glacier from the clast, 
where ice pressure is lower than the mean pressure at the bed. Refreezing of water releases 
latent heat that is conducted as sensible heat through the clast to its colder up-glacier side, 
providing the heat for melting there. Ice also flows viscously around clasts as a result of the 
same pressure gradient that drives regelation. The relative effect of these processes on the 
drag stress on clasts is a function of clast size. Heat transfer due to regelation is most 
effective for small clasts, whereas viscous flow of ice is most effective around large clasts. 
Thus, an intermediate clast size (~ 5-50 mm in radius) will be subject to a maximum drag 
stress and therefore will be most likely to plow (Brown et al., 1987; Iverson and Hooyer, 
2004). 
Evidence of clasts that have plowed has been observed in the geologic record (Clark 
and Hansel, 1989; Jorgensen and Piotrowski, 2003) and in modern glacial environments 
(Krzyszkowski, 1994; Hart, 1995; Christofferson et al., 2005). Such evidence consists of a 
prow of sediment that has accumulated down-glacier from a clast and a groove or lineation 
that has formed up-glacier from it (Figs, lb, c). The size distribution of clasts that have 
plowed has been used to estimate the velocity of past ice sheets (Iverson and Hooyer, 2004). 
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quarter 
Figure 1. (a) Idealization of plowing clasts at the ice-bed interface, (b) Large clast that has 
plowed from left to right. Ruler is 0.3 meters long, (c) Grooves formed by clasts 
that have plowed from upper right to lower left. Scale is indicated with the 
quarter next to the largest clast. Photos (b) and (c) are of grooves and prows 
preserved in outwash that was overridden by an Illinoian glacier in central Illinois 
(from Iverson and Hooyer, 2004). 
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On a much larger scale, megalineations on the beds of former ice streams have been 
hypothesized to result from plowing of ice keels tens of meters wide through a soft sediment 
bed (Clark et al., 2003). 
Direct observations of processes at a glacier bed are difficult. However, borehole 
instruments have been used to measure variables such as bed shear strain, basal water 
pressure, and sediment shear strength (Blake et al., 1992; Fischer and Clarke, 1994; 
Engelhardt and Kamb, 1997). Measurements beneath some modern glaciers have indicated 
that basal motion was focused at the glacier sole when basal water pressures were high 
(Blake et al., 1994; Iverson et al., 1995). Similarly, Engelhardt and Kamb (1998) found that 
83% of the basal motion of Ice Stream B in Antarctica occurred within 30 mm of the ice-bed 
interface. Plowing may account for these observations. 
A recent study conducted at the base of a borehole showed that fluctuations of water 
pressure near a vertical rod plowing through subglacial till (a "plowmeter") corresponded 
with diurnal fluctuations in sliding speed (Rousselot and Fischer, 2005). Following Iverson 
(1999), the authors inferred that diurnal increases in sliding speed and hence plowing speed 
may generate excess pore-water pressures down-glacier from plowing clasts, which would 
weaken till and reduce resistance to plowing and associated glacier movement. However, 
drag stress on the rod was not measured. 
Theoretical models have been developed to study the influence of plowing on the ice-
till coupling strength and basal motion (Brown, et al., 1987; Alley, 1989; Iverson, 1999; 
Tulaczyk, 1999). Alley (1989) investigated the contribution of plowing to the motion of Ice 
Stream B in Antarctica. He assumed that till behaved viscously upon failure and therefore 
concluded that rapid plowing at the ice-bed interface would lead to a large shear traction on 
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the bed and ultimately pervasive bed deformation. Other plowing models (Brown et al., 
1987; Iverson, 1999; Tulaezyk, 1999) incorporate Coulomb strength parameters such as 
friction angle, effective stress, and cohesion, where the shear stress required for plowing is 
directly proportional to the sediment shear strength and independent of plowing speed. 
Coulomb models require that resistance to plowing is controlled by the till shear strength, S, 
which is proportional to the effective normal stress, Pe, on the bed. Once a clast starts to 
plow, the shear stress on the clast is limited to a value proportional to S, which is given by 
the Coulomb criterion: 
S = Pe tan 0 + c, (1) 
where (j) is the friction angle of the sediment and c is cohesion. 
There have been no definitive independent tests of any plowing model, and no model 
has included the potential effects of excess pore pressure on sediment strength and plowing 
resistance. This study was aimed at accomplishing both of these objectives, and 
investigating, in particular, the relation between plowing speed and resistance. 
Methodology 
Apparatus 
The ring-shear device (Iverson, 1997) shears remolded till specimens to high strains 
under effective normal stresses similar to those beneath soft-bedded glaciers. This device has 
been used to study shear strengths of various tills (Iverson et al., 1998; Moore and Iverson, 
2002), clast alignment with strain (Hooyer and Iverson, 2000a), mixing of granular materials 
in shear (Hooyer and Iverson, 2000b), and particle comminution (Scherer, et al., 2004). The 
specimen occupies an annular chamber that has an outside diameter of 0.6 m and a width of 
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0.115 m, and the maximum specimen thickness is 0.08 m. The volume of the specimen is 
about 14 liters. It is bounded at the top and bottom by permeable aluminum platens with 
teeth that grip the till. The saturated till specimen is hydraulically connected to an internal 
water reservoir that is exposed to the atmosphere. The permeable upper and lower platens 
allow water to move to and from the till specimen during an experiment. A normal stress up 
to 0.4 MPa can be applied to the sediment by a lever arm with dead weights that presses 
down on a thick aluminum load plate. This plate is fixed rotationally but free to move 
vertically if the sample volume changes. The upper and lower walls are usually pressed 
together to minimize loss of specimen volume, and shearing displacement occurs along an o-
ring that separates them. An electric motor drives two gear boxes that turn the bottom platen 
at speeds ranging from 5 to 800 my"1. A larger electric motor may be attached that can turn 
the base at speeds up to 20 mm s"1. 
The ring-shear device has been adapted to push clasts, idealized as hemispheres (19.0 
mm and 40.0 mm in diameter, respectively), through water-saturated till to large 
displacements (Figs. 2 and 3). The hemispheres extend above an annular aluminum insert 
(38.1 mm thick) that is located inside the sample chamber and mounted to the lower rotating 
portion of the ring-shear device (Fig. 4). The hemispheres are the exposed upper portion of 
aluminum cylinders that are contained within the annular insert and rest on bearings (Fig. 4). 
Each hemisphere has associated with it a load cell that is located within the insert (Fig. 4). 
Each load cell emits a voltage that is proportional to the bed-parallel force exerted on the 
hemisphere in the direction opposite of plowing. Pore-pressure sensors are also located 
within the insert near each hemisphere (Fig. 4). The ports of two pore-pressure sensors are 
located in front of each hemisphere, with one sensor port behind each hemisphere (Fig. 4). A 
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Figure 2. (a) Cross section of the ring shear device as adapted for plowing experiments, (b) 
Detail of sample chamber with aluminum insert that contains the hemispheres. 
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Figure 3. (a) Ring-shear device sample chamber with aluminum insert at the base of the 
chamber that contains the hemispheres, (b) Large hemisphere with adjacent 
screened ports for pore-water pressure sensors. Arrow indicates plowing 
direction, and pore-pressure sensors are labeled as used in text. 
24 
Load cell 
Upper platen '' 
Water pressure sensor 
Load cell \ "j 
Till specimen 
Water pressure 
sensor ports 
Bearing Water pressure sensors 
a 
O-ring 
d o o 
O-rings 
Figure 4. Detail of hemisphere, platens and sample chamber, (a) Cross-sectional view, (b) 
Plan view. Ports of pore-pressure sensors are screened with permeable plastic. 
Upper platen does not rotate, so the load cell there is fixed relative to the 
movement of the hemisphere. 
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single load cell located in the upper platen is used to measure local stresses against the 
normal load plate as a hemisphere moves beneath it (Fig. 4a). That load cell is in contact 
with a small circular platen (18 mm dia.) located within the normal-load plate and flush with 
the lower surface of the upper platen. 
Prior to running experiments, all sensors were calibrated. The load cells in contact with 
the hemispheres were calibrated in-situ to account for friction in the bearings and 
compression of o-rings between the hemisphere and the aluminum panel, both of which 
supported some of the load exerted on the hemispheres by till. A normal stress of 65 kPa, 
which is equal to the normal load applied during experiments, was applied to each 
hemisphere during calibrations. A thin steel cable was anchored to each hemisphere and was 
pulled to apply a known force in a direction opposite that of plowing. A range of shear 
forces (0-220 N) was applied to determine the relationship between shear load and load-cell 
output. A similar calibration was conducted for the load cell located within the normal-load 
plate; a range of normal forces (0-400 N) was applied to the small circular platen (18 mm 
dia.) located within the upper platen. Pore-water pressure sensors were calibrated in-situ by 
submersing the sensors and hemispheres in columns of water under pressures ranging from 0 
to 10.0 kPa. These calibrations were used to calculate shear stresses, local normal stresses, 
and pore-water pressures from the recorded experimental data. The calibrations are presented 
in Appendix A. 
Procedure 
The plowing experiments were performed with two different tills: a fine-grained basal 
till of the Des Moines Lobe (Alden Member) and a coarse-grained till from an end moraine 
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of Engabreen, a valley glacier in Norway. These tills were chosen due to their contrasting 
grain-size distributions and hydraulic diffusivities (Table 1). When till is compressed in front 
of a plowing clast, pore-pressure generation depends on the hydraulic diffusivity of the till, 
which scales with the ratio of permeability to compressibility and is related to the grain-size 
distribution (Lambe and Whitman, 1969). Owing to its higher silt and clay fraction, the Des 
Moines Lobe till is about 40 times less diffusive than the Engabreen till. All clasts greater 
than 5 mm in diameter (10% of the smallest specimen dimension) were removed from the 
specimens (Head, 1989). Remolded till specimens were saturated with distilled water and 
added to the specimen chamber of the ring-shear device as a slurry. Prior to an experiment, 
the specimens were consolidated by applying a normal stress of 65 kPa to the upper 
aluminum plate with the lever arm and dead weights. Consolidation was complete when 
excess pore-water pressures dissipated and specimen thinning had effectively ceased. A 
representative record of consolidation is presented in Appendix A. Vertical columns of 
wooden beads (4 mm dia.) were inserted into the till specimen throughout the sample 
chamber to assess the strain distribution induced by each hemisphere. In most experiments, 
at least three columns were placed across the path of each hemisphere (30 mm, 58 mm, and 
85 mm from the inner wall) and two columns were placed at far-field locations (35 mm and 
65 mm from the inner wall). 
Plowing experiments were conducted to displacements large enough to allow steady-
state drag forces and pore pressures to be approached. The hemispheres were pushed at 
speeds ranging from 15 to 400 m y"1 to study the effect of plowing speed on near-field pore 
pressures and resultant drag forces on the hemispheres. Glacier sliding speeds commonly are 
within this range (Blake et al., 1994; Paterson, 1994; Engelhardt and Kamb, 1998). Each test 
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Table 1. Till properties and experimental conditions 
Till 
Grain size % 
Sand Silt Clay 
Hydraulic 
diffusivity1 
(m2/s) 
Pre-test 
co n 
(%) (%) 
Post-test 
co n 
(%) (%) 
Des Moines Lobe 52 32 16 8.7xl0"9 27.0 ±1.6 n/a 19.0 ±1.3 32.2 ±1.8 
Engabreen 80 14 6 3.6 xlO"7 19.3 ±0.4 32.1 ±0.7 12.3 ±0.6 22.6 ±1.1 
1 Hydraulic diffusivity calculated from consolidation data prior to plowing experiments 
was conducted under the same normal stress as consolidation (65 kPa), which is the same 
order as effective normal stresses measured beneath soft-bedded glaciers (Engelhardt and 
Kamb, 1997). When quasi-steady-state conditions were reached (when the time-averaged 
rates of change in drag forces and pore pressure were sufficiently small), a test was ended 
and non-hydrostatic pore-water pressures that developed were allowed to dissipate. The 
normal stress was then removed, and the distribution of strain around each hemisphere was 
determined by measuring carefully the displacement of the marker beads placed throughout 
the till specimen. In most cases, moisture content, m, and porosity, n, of each specimen were 
measured prior to consolidation and after each experiment was completed (Table 1). 
Results 
Six experiments were conducted with each till at shearing rates ranging from 15 to 400 
my"1. During most tests, shear stresses on the hemispheres (bed-parallel drag force/plan 
view area of hemisphere) increased rapidly upon initial displacement. Shear stresses then 
either peaked with a subsequent decline to a quasi-steady-state (Fig. 5a) or more commonly 
the rate of shear stress increase declined, with shear stresses asymptotically approaching a 
quasi-steady value (Fig. 5b, 6a,b). Similarly, pore-water pressures sometimes peaked before 
approaching a steady state (Figs. 5a, 6b). An exception occurred in experiments at high rates 
with the Engabreen till, in which excess pore pressures were decaying toward hydrostatic 
values when experiments were terminated (Fig. 5b); at lower rates with this till, pore 
pressures became steady and hydrostatic with sufficient displacement (Fig. 6b). Behind each 
hemisphere, steady pore-water pressures were usually either near hydrostatic values or 
negative (Figs. 5 and 6). Hydrostatic pore-water pressure was ~0.5 kPa in all experiments. 
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In most experiments, steady pore pressures were reached prior to shear stresses. Thus, 
experiments were terminated when steady shear stresses were reached or approached. Shear 
stress and pore-water pressure data from all experiments are in Appendix B. 
The magnitudes of steady-state pore-water pressures varied with plowing speed and 
with till properties (Fig. 7). In general, pore-water pressures in front of the large hemisphere 
were greater than those in front of the small hemisphere. In experiments with the Des 
Moines Lobe till, the magnitude of excess pore-water pressures in front of each hemisphere 
ranged from 30 to 122 kPa and, in general, varied directly with plowing speed, which ranged 
from 15 to 380 m y"1. Data from a single experiment (100 m y"1) using the large hemisphere 
and Des Moines Lobe till were not used because steady shear stresses were not reached or 
approached during the test. Excess pore-water pressures observed in experiments with 
Engabreen till varied from 1 to 18 kPa over plowing speeds ranging from 15 to 400 m y"1. 
Behind the hemispheres, steady-state pore-water pressures were hydrostatic or smaller (as 
small as -22 kPa). 
Steady-state shear stresses generally decreased with increasing plowing speed (Fig. 8). 
Shear stresses on the hemispheres in experiments with Des Moines Lobe till decreased by as 
much as a factor of six (large hemisphere, 350 to 95 kPa; small hemisphere, 580 to 85 kPa). 
Experiments with the Engabreen till and the small hemisphere yielded a smaller decrease in 
shear stress with increased plowing speed (1020 to 800 kPa). In contrast to the results of the 
other sets of experiments, experiments with the Engabreen till and the large hemisphere 
yielded a general increase in shear stress (170 to 377 kPa) with increased plowing speed. For 
a given plowing speed, the magnitudes of shear stresses on the hemispheres were generally 
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Engabreen till. Black arrows indicate that pore pressures were declining toward 
hydrostatic when shear stress became steady and experiments were terminated. 
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larger (up to a factor of 10) in tests with the Engabreen till than in those with the Des Moines 
Lobe till. 
The sensitivity of excess pore-water pressure to the rate of till compaction (plowing 
speed) is also evident during stick-slip motion that occurred prior to approaching steady-state 
stresses in some experiments with the Engabreen till (within the first 50 mm of 
displacement). For reasons that are unknown, there were episodic accelerations of the 
rotating base that abruptly increased the velocity of the hemispheres, with corresponding 
pore-pressure responses. Each acceleration was manifested as increase in shear stress. The 
increased stress during these brief accelerations reflects the mobilization of till strength that 
occurs with displacement in the transient phase of any soil test and should not be confused 
with the steady-state rate dependence of Figure 8. Pore-water pressures in front of a 
hemisphere increased quickly upon a slip event and gradually decreased until the next slip 
event (Fig. 9). Conversely, behind the hemisphere, pore-water pressures declined sharply 
during a slip event, presumably due to a cavity opening in that vicinity. 
The local normal stress exerted on the upper platen was also measured in three 
additional experiments using the large hemisphere and the Des Moines Lobe till. These 
measurements were made to assess the impact of the upper platen on the stress state and 
resultant strength of the till in front of the hemisphere. The stress exerted on this platen 
normal to the direction of plowing was measured continuously as the hemisphere passed 
beneath the load cell located within the platen (Fig. 4a). Tests were conducted at speeds of 
15, 30, and 380 m y"1, which were identical to the speeds of previous tests. During each test, 
the local normal stress began to increase substantially when the leading edge of the 
hemisphere was about 120, 150, and 350mm from the load cell, respectively, and in each 
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case peak normal stresses occurred about 40 mm in front of the midpoint of the hemisphere 
(Fig. 10). Peak stresses were 250 kPa, 165 kPa, and 110 kPa respectively. Similar to the 
shear-stress measurements in most tests, the magnitudes of the measured peaks in local 
normal stress were inversely correlated with plowing speed. 
Deformation in till around the hemispheres was also measured after many of the 
experiments. The results indicated that a wedge formed in front of each hemisphere during 
the tests that was immobile relative to surrounding till. This wedge was vertically and 
longitudinally more extensive in the Engabreen till (Fig. 11). There was also clear evidence 
of till deformation around the sides of the hemispheres (Fig. 12). Additionally, the volume of 
deformed till around the small hemisphere was, as expected, less extensive than that around 
the large hemisphere (Fig. 13). Upon excavation of the specimen after tests, a cavity (with 
transverse dimensions nearly equal those of the hemisphere) was usually observed behind 
each hemisphere (Fig. 14a). This cavity was usually filled with soft, seemingly liquefied till. 
Cavities were elongate, forming a groove in overlying till that extended behind each 
hemisphere along the length of its path (Fig. 14b). 
Analyses 
Scaling analysis 
A simple scaling analysis indicates whether excess pore-water pressures should be 
expected in our experiments for a given till diffusivity, hemisphere size, and plowing 
velocity. If we consider the compression of till in front of a plowing hemisphere, the time 
scale for pore-water pressure generation in the till is proportional to 8/Vp, where ô is a 
characteristic length scale over which compression occurs and Vp is plowing speed. 
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Figure 10. Local normal stress (smoothed) on the large hemisphere for tests with Des 
Moines Lobe till. Arrows indicate when the hemisphere was directly beneath the 
load cell in each test. 
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Figure 12. Bead displacement profiles for large hemisphere indicating transverse strain in a 
plowing experiment with Engabreen till. Hemisphere motion is into the plane of 
paper. Analogous data for the Des Moines Lobe till were not recorded. 
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Figure 14. (a) Cavity formed in the Engabreen till behind the large hemisphere. Plowing 
direction is out of the page, (b) Groove formed in the Des Moines Lobe till 
excavated from the sample chamber. Plowing direction is left to right. 
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Conversely, the time scale for pore-water pressure diffusion is proportional to ô2/D, where D 
is the hydraulic diffusivity of the till (Iverson, 1999). Geotechnical studies (Malyshev and 
Lavisin, 1974; Koumoto and Kaku, 1982) indicate that the zone of till compression in front 
of a plowing object is roughly equal to its diameter, or in our case, 6. Measurements of till 
deformation in front of hemispheres after our experiments indicate that this is a reasonable 
assumption and that ô is also comparable to the height of the specimen chamber, which could 
also limit the length of the diffusion pathway. The minimum extent of compression in front 
of each hemisphere was within ±20% of the hemisphere diameters (Figs. 11 and 13). The 
degree to which 6/Vp exceeds 52/D should be a rough indicator of whether significant excess 
pore-water pressures should develop in front of the hemisphere. By equating these time 
scales and rearranging appropriately, approximate fields of 8 and D may be defined where 
excess pore-water pressures are expected to develop for a given Vp (Fig. 15). 
The comparison of the time scales for pore-water pressure development and diffusion 
(Fig. 15) indicates that the occurrence of excess-pore water pressures in front of a plowing 
object is predictable from known values of hydraulic diffusivity, clast size, and plowing 
speed, which can easily be measured in laboratory and field experiments (e.g. Finke et al., 
2001; Rousselot and Fischer, 2005). At low plowing speeds (e.g. 15 m y"1), steady-state 
excess pore-water pressures in front of the hemispheres of these experiments are possible 
only for the Des Moines Lobe till. At high plowing speeds (e.g. 400 m y"1), large excess 
pore-water pressures are expected in the Des Moines Lobe till, whereas no or small excess 
pore-water pressures are expected in the Engabreen till (Fig. 15). These predictions are 
broadly consistent with pore pressures measured in these experiments (Fig. 7). 
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Calculation of shear stress 
An important question, owing in part to the likely effect of the sample-chamber 
boundaries on shear stresses, is whether measured shear stresses on the hemispheres can be 
reconciled with data and theory developed for the study of cone penetration through 
sediments. Such studies involve pressing an instrument called a cone penetrometer vertically 
through sediment at a constant speed while measuring the resistance to penetration and local 
pore-water pressure (Campanella et al., 1983; Senneset and Janbu, 1985; Mayne and 
Kulhawy, 1990; Finke et al., 2001). Theoretical models of cone penetration, in conjunction 
with cone-penetration data, are used to estimate Coulomb frictional properties of sediments. 
The theory of Senneset and Janbu (1985) is most appropriate for our results because plowing 
resistance is expressed in terms of effective stress, the theory accounts for excess pore-water 
pressures that may be generated in sediments of low diffusivity, and it is reasonably 
applicable to different geometries, including a hemisphere. 
For a hemisphere plowing through water-saturated till, this theory indicates that the 
force on the leading edge of the hemisphere, Fs, can be expressed as 
where Ac is the cross-sectional area of the hemisphere normal to the plowing direction, p is 
the total normal stress, p ' is the ambient effective normal stress equal to p-u0, where n0 is 
hydrostatic pore-water pressure, Uf is excess pore-water pressure in front of the hemisphere, c 
is cohesion (which equals zero at the high strains associated with steady-state conditions), 
and Nq and Nu are dimensionless bearing capacity factors dependent upon the friction angle, 
(2) 
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(/>, of the till. If Uf= 0, then Equation 2 corresponds to fully drained conditions. The bearing 
capacity factors are defined as: 
f a\ 
Nq = tan 45 + — g'*", (g) 
•J 
and 
N u ~  6 tan (j)(\ + tan <f). (4) 
Measurements from experiments with cones, piles, and plates agree reasonably well with 
Equations 3 and 4 (Senneset and Janbu, 1985). Given that for a hemisphere Ac=n&}l2 and 
the shear stress parallel to the plowing direction is Ts=FJnR2, the shear stress on a 
hemisphere is 
1 
T s
~  2  'j 
(5) 
In addition to the drag associated with the shear strength of till, another component of 
drag arises due to the pore-water pressure gradient around the hemisphere associated with 
pore-water flow in a direction opposite to that of plowing. This seepage-force effect is not 
included in the analysis of Senneset and Janbu (1985). In our experiments, pore-water 
pressure was measured in front of and behind the hemisphere (w/and ut, respectively), so the 
component of water pressure parallel to the plowing direction at any point along the surface 
of the hemisphere can be estimated as (u/-k0) cos#, where k = (Uf-Ub)/n (Fig. 16). The local 
surface over which this water pressure acts is i?2sin0d#da. Thus, the local shear force is 
equal to (Uf-kO) costi/?2sin6ld6,da. When this force is integrated over the surface of the 
hemisphere, the total shear force, Fw, due to the excess pore-pressure gradient is expressed as 
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Figure 16. Schematic of large hemisphere and notation of variables used for integrating 
shear stress due to pore-pressure gradient. The variables Uf and uy are pore-water 
pressures at the locations indicated. Arrow indicates plowing direction. 
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1 2rnr / 
Fw =— ]"]"(«/ -kOposOR2 sxnQdOda. (6) 
2 0 o 
Integrating twice leaves 
where 
Fw = ~C27 t = Cn (7) 
C  =  - — u f R 2 cos2 0 + -kR20cos20-—kR2 sin26 
Thus, the shear stress parallel to the plowing direction, rw, is given by 
(8) 
T„, = • 
c 
nR2 R' 
(9) 
The total resistance to plowing, r, is then taken as the sum of the resistance due to shear 
strength of till (Eqn. 5) plus the seepage drag of water around the hemisphere: 
r = r, (10) 
The complete derivations of the drag due to till shear strength and excess pore-water 
pressures are presented in Appendix C. 
The analysis of Senneset and Janbu (1985) has been adapted to incorporate our 
laboratory measurements of pore-water pressure and local normal stress to calculate shear 
stresses for comparison with those measured in the plowing experiments. Measurements of 
local normal stress from the three extra experiments with the large hemisphere and Des 
Moines Lobe till were used (15, 30, and 380 m y"1) in the analysis to incorporate the 
boundary effect of the upper platen on stresses in the till. The measurement of this stress, 
which is increased by the passage of the hemispheres due to the limited space for till 
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deformation between them and the upper platen, is the best estimate of total normal stress, p, 
as defined by Senneset and Janbu (1985) (Equ. 2); thus we can compare calculated and 
measured shear stresses for only for these three experiments in which local normal stresses 
were measured. Parameters chosen for the calculations are presented in Table 2. The total 
normal stresses used in the analysis were spatially integrated values, which were calculated 
by integrating the measured local stresses over the entire zone of influence as the hemisphere 
passed under the load cell (Fig. 10). The calculated values were 142, 96, and 68 kPa, 
respectively. Pore-pressure data used in the analysis were the steady values measured nearest 
to the hemisphere (pressure sensors 1 and 2, Fig. 4). Hydrostatic water pressure (0.5 kPa) 
was used to calculate the ambient effective normal stress,/?', required in Equation 5. Shear 
stresses calculated from Equation 10 fall within 3%, 38%, and 27% of measured values for 
the experiments at 15, 30, 380 m y"1, respectively (Fig. 17). 
Discussion 
Laboratory results 
Our laboratory results indicate that when hemispheres were pushed through water-
saturated till, plowing resistance generally decreased with increasing plowing speed (Fig. 8). 
At sufficiently large plowing speeds, excess pore-water pressures developed because the rate 
of till compaction in front of a hemisphere exceeded the rate at which pore pressure could 
diffuse from the till (Fig. 7). Excess pore-water pressures reduce the effective stress on till 
and thus reduce its resistance to shear. The magnitude of pore pressure was not only a 
function of plowing speed but also of the hydraulic diffusivity of each till. Large excess 
pore-water pressures developed in the Des Moines Lobe till due to its low hydraulic 
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Table 2. Parameters used in shear stress calculation. 
Plowing speed (m y ~') 
15 30 
Parameter Symbol Values Units 
Friction angle <t> 18.5 18.5 18.5 0 
Cohesion c 0 0 0 kPa 
Total normal stress Po 142 96 84 kPa 
Effective normal stress P' 141.5 95.5 83.5 kPa 
Pore-water pressure in 
front of hemisphere1 UF 
30 81 114 kPa 
Pore-water pressure behind 
hemisphere2 Ub 
0 -3 -22 kPa 
1 values recorded from pore-water pressure sensor #2 
2 values recorded from pore-water pressure sensor #1 
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diffusivity (8.7 x 10"9 m2/s). The Engabreen till is nearly two orders of magnitude more 
diffusive (3.61 x 10"7 m2/s) than the Des Moines Lobe till. Thus, even at fast plowing speeds 
(400 m y"1) excess pore-water pressures in the experiments with the Engabreen till were only 
~20 % of those observed in experiments with the less diffusive till, and non-zero pore 
pressures were still decreasing when experiments were terminated. Consequently, for a 
given plowing speed, measured shear stresses on the hemispheres were as much as five times 
greater in the Engabreen till experiments (<1000 kPa) than shear stresses measured in 
experiments with Des Moines Lobe till (<600 kPa) (Fig. 8). 
Differences in plowing resistance measured for the large and small hemispheres can be 
attributed to differences in the sizes of the zones of compression in front of each hemisphere. 
Upon compression of water-saturated till, the timescale for pore-pressure diffusion is 
proportional to the square of the distance over which pore pressure must diffuse. The zone of 
deformation in front of the large hemisphere (40 mm dia.) was approximately 30 percent 
larger than that of the small hemisphere (Fig. 13). Thus, relative to the large hemisphere, 
pore-water pressures that developed in front of the small hemisphere were associated with 
shorter distances required for pore-pressure diffusion. 
The patterns of strain around the hemispheres (Figs. 11-14) agree generally with the 
study by Baligh (1972), in which a rigid wedge of compacted sediment was transported in 
front of blunt plowing objects. Tulaczyk (1999) adapted the analysis by Baligh (1972) to 
predict the extent of the zone of deformation around a clast plowing through subglacial till. 
The strain field and the geometry of this rigid wedge are a function of the properties of the 
till. In our experiments, the Des Moines Lobe till has a lower coefficient of friction (^ = 
18.5°, Hooyer and Iverson (2002)) and is finer grained than the sand-rich Engabreen till (<j>-
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32.0°, estimated from Moore (2002)). Consequently, deformation was less extensive around 
the hemispheres in experiments with the Des Moines Lobe till (Fig. 11). These results are 
consistent with previous experiments with the ring-shear device in which strain in the 
specimen chamber was more localized in a clay-rich till than in a clay-poor till, reflecting 
perhaps the tendency for clay minerals to align during shear and limit expansion of a shear 
zone (Iverson et al., 1997). Although the zone of deformation in experiments with the Des 
Moines Lobe till is smaller than that of Engabreen till, the permeability of the former till is 
sufficiently small that large excess pore-water pressures still developed. Our results have 
implications for modeling pore pressures and plowing resistance as a function of plowing 
speed in that the path length of pore-water diffusion in front of a hemisphere varies not only 
with clast size but also with till properties. 
In experiments conducted with the large hemisphere and the Engabreen till, there was a 
general increase in plowing resistance with increasing plowing speed, which is in contrast to 
the overall results (Fig. 8b). Pore-water pressures in front of the hemisphere increased with 
plowing speed, so the increase in shear stress is related to an effect other than effective stress, 
and the pore-water pressure gradient alone is insufficient to account for the magnitude of 
shear-stress increase (the pore-water pressure gradient produces < 5 kPa shear stress at 400 m 
y"1, calculated from Equation 9). A reasonable interpretation may incorporate the broad zone 
of deformation in front of the hemisphere that is indicated by bead displacement profiles after 
experiments (Fig. lib). As the hemisphere plows, till must deform around it, but the upper 
platen and walls of the sample chamber constrict the large zone of deformation, which is 
consistent with results of laboratory tests using cone penetrometers (Parkin and Lunne, 1982; 
Salgado et al., 1998). This constriction requires the volume of till in the zone of deformation 
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to be compressed as the hemisphere moves through the sample chamber. This boundary 
effect is expected to be largest for the large hemisphere and the coarse-grained Engabreen 
till, which could result in slight strengthening with increasing speed, although the physics of 
this process are unclear. This possible product of the sample chamber boundaries is not 
apparent in the other tests in which the zone of deformation in front of each hemisphere was 
significantly smaller and interacted less with the upper platen and walls (Figs. 1 la and 13). 
Comparison with plowing models 
Our results indicate that increases in plowing speed should reduce the drag on plowing 
clasts and promote decoupling of ice from the bed rather than pervasive bed deformation. 
These results are in contrast to the widespread hypothesis that till behaves as a viscous fluid, 
which is used in some models of pervasive bed deformation (Clark et al., 1999; Jenson et al., 
1995, 1996) and plowing (Alley, 1989). The model developed by Alley (1989) assumes that 
a clast will plow when the local shear stress exerted by ice equals the local sediment yield 
strength in front of the clast. However, Alley (1989) also assumed that upon failure till 
behaves as a viscous fluid such that the resistance to plowing is directly proportional to 
plowing speed. Thus, if a large areal fraction of the bed is plowing, increases in plowing 
speed would strengthen the coupling between the ice and bed and ultimately lead to 
pervasive bed deformation. The observed reduction in plowing resistance with increasing 
plowing speed does not support this idea. 
Other plowing models have assumed that till behaves as a Coulomb-plastic material, in 
which strength is directly proportional to the local effective stress and independent of 
plowing speed (Brown et al., 1987; Iverson et al., 1999; Tulaczyk, 1999). This assumption is 
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supported by laboratory experiments that indicate no viscous behavior of subglacial 
sediments during shear (Kamb, 1991; Iverson et al., 1998; Tulaczyk et al., 2000). Thus, 
these models are more appropriate than viscous models (Alley, 1989). However, none of the 
existing models of plowing are reliable because they do not incorporate excess pore-water 
pressures that may develop in tills with low permeability. Such models of basal movement 
have indicated that even without excess pore- pressure development plowing could dominate 
basal motion (Brown et al., 1987; Hooyer and Iverson, 2002). Iverson (1999) noted that the 
generation of excess pore-water pressures in front of plowing clasts would significantly 
weaken till, reduce plowing resistance, and further decouple a glacier from its bed — the same 
effect that is observed in these experiments. Our results indicate that if plowing dominates 
basal motion, then resistance to glacier flow is coupled to plowing speed and till diffusivity. 
Therefore, the inclusion of excess pore pressures in future plowing models is required, 
especially in the case of fine-grained tills. 
Related geotechnical data 
Our laboratory results are supported by geotechnical studies in which penetration 
(bearing) resistance on a cone penetrometer decreased with increasing penetration rate 
(Campanella et al., 1983; Finke et al, 2001). In these studies, when the rate of cone 
penetration was increased by an order of magnitude, pore-water pressures around the cone 
increased by a factor of three, and bearing resistance decreased by a factor of two (Finke et 
al., 2001) (Fig. 18a). These studies also show that the magnitudes of excess pore-water 
pressures and penetration resistance also depend on the hydraulic properties of the sediment. 
For example, when a cone penetrometer was pressed through permeable sand, excess pore-
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water pressures near the cone were negligible, and thus shear resistance increased with depth 
proportional to the thickness of the overlying sediment. However, when the cone 
penetrometer encountered fine-grained sediment, excess pore-water pressures quickly 
developed and shear resistance decreased by more than an order of magnitude (Campanella 
et al., 1983) (Fig 18b). 
Implications of analysis 
Our analysis indicates that cone penetration theory provides a reliable method for 
estimating resistance to plowing from pore-water pressure and plowing speed. An important 
concern is how the boundaries of the ring-shear device affected the measurements. The 
model results are in reasonably close agreement with the laboratory data (Fig. 17), so the 
effects of the rigid upper platen were accounted for approximately by the local normal stress 
measurements. The effects of the lateral boundaries were apparently not significant. The 
formulation of Equation 5 is independent of clast size and does not incorporate plowing 
speed directly. Thus, to apply this model pore pressure needs to be measured. Computing 
the steady-state pore-pressure gradient across clasts, using the plowing speed, hemisphere 
size, and till diffusivity would be an important next step in modeling plowing. 
Comparison with the subglacial setting 
An important consideration is the degree to which the results of these laboratory 
experiments are relevant to a subglacial setting. For several reasons, we expect that plowing 
resistance measured in the laboratory generally overestimates the resistance anticipated 
subglacially. At glacier beds, water-filled cavities are thought to form on the down-glacier 
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side of plowing clasts due to ice movement past them (Brown et al., 1987; Iverson, 1999). 
By drowning smaller clasts that would otherwise support some fraction of the basal shear 
stress, the growth of these cavities increases the fraction of areally-averaged basal shear 
stress exerted on larger clasts by basal ice, increasing their propensity to plow. Also, cavities 
reduce the total normal stress exerted on the bed down-glacier from clasts, which reduces the 
yield strength of till there, also promoting plowing. These effects of cavity growth would 
further decouple the ice from the bed and promote even faster basal motion. Even if a cavity 
is not present, flow of ice around a clast will result in a zone of reduced total normal stress 
down-glacier from the clast and hence cause a reduction of till strength and plowing 
resistance there. 
However, these effects of ice flow will be minimal if ambient effective normal stresses 
are low, as they are beneath many soft-bedded ice masses (e.g. Engelhardt and Kamb, 1997). 
Under such glaciers till is weak, so the difference in velocity between the ice and plowing 
clasts is small. Thus, the effects of ice flow past clasts—low ice pressure and possibly cavity 
growth down-glacier from clasts—are minimized. Thus, in this respect, these experiments, 
which could not incorporate ice flow, are probably most relevant to the common case of low 
effective normal stress on the bed. 
The location of boundaries for pore-water drainage must also be considered. In the 
ring-shear device, the permeable upper platen of the sample chamber is the single location 
where drainage of pore water occurs. The close proximity of this drainage boundary to the 
hemisphere (<50 mm) likely reduces the magnitude of excess pore-pressure development 
and the time required for diffusion. Thus, if this drainage boundary were removed, which is 
more analogous to basal conditions of an active glacier, excess pore-water pressures and the 
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propensity for plowing would likely be enhanced. Another condition that is not accounted 
for in the plowing experiments is the presence of a water film between a glacier and its bed. 
Depending upon its thickness, such a film can transport water fluxes greater than those 
through a porous medium, which may help dissipate excess pore-water pressures 
subglacially. 
Finally, the close proximity of the rigid upper platen and walls of the specimen 
chamber to the hemispheres caused the strength of till near each hemisphere to be larger than 
would be the case subglacially. In applying the cone-penetration theory the effect of the 
upper platen was accounted for approximately, but the effect of the walls was not. Such 
boundary effects are the price that is paid for controlled laboratory testing. These effects, 
however, in no way obscure the relationships between plowing speed, plowing resistance, 
and processes occurring within till near clasts that were the motivation for this study and that 
are demonstrated by these experiments. 
Conclusions 
Clasts that protrude upward into the glacier sole from the bed provide the roughness 
that resists glacier motion over a soft bed. These results indicate that when clasts plow, the 
resistance provided by bed sediment depends inversely on the plowing velocity. Excess 
pore-water pressures that develop in front of plowing clasts weaken till there and decrease 
resistance to plowing, which will inhibit pervasive deformation of the bed at depth. These 
results directly contradict models of basal motion that assume viscous behavior for soft 
glacier beds (Alley, 1989; Jenson et al., 1995), in which increases in plowing speed lead to 
increased basal shear stresses and pervasive bed shear. Our results imply that if a sufficient 
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fraction of the bed is plowing, increases in glacier sliding speed (and hence plowing speed) 
may lead to decoupling of the glacier from its bed and further increases in basal velocity. 
This has important implications for the stability of glaciers that override poorly diffusive 
sediment, such as the ice streams in West Antarctica (Alley et al., 1986; Engelhardt and 
Kamb, 1998; Bindschadler et al., 2003) and soft-bedded glaciers elsewhere (e.g., Piotrowski 
and Kraus, 1997; Porter et al., 1997). This instability could have contributed to the rapid 
motion of past continental ice sheets that are thought to have caused pronounced changes in 
climate (MacAyeal, 1993; Clarke and Marshall, 1998; Clark et al., 1999; Marshall et al., 
2000). 
Existing geotechnical theory (Senneset and Janbu, 1985) provides a good estimation 
of plowing resistance. The analysis includes the effect of measured excess pore-water 
pressures on the shear strength of till and the effect of seepage-related drag due to the water-
pressure gradient around a plowing clast. These effects have not been applied in previous 
plowing models (Brown et al., 1987; Iverson, 1999; Tulaczyk, 1999), in which till strength 
was considered to be independent of plowing speed. Thus, future efforts to model basal 
movement of past soft-bedded ice sheets and modern glaciers should consider excess pore-
water pressures that are associated with variations in plowing speed. Additionally, 
landscape-development models that assume ice sheets shear their soft beds pervasively (e.g. 
Boulton 1996a, b) should be viewed with skepticism, given the feedbacks, demonstrated 
herein, that promote plowing. 
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CHAPTER 3. MICROFABRIC AND MICROSHEAR EVOLUTION IN 
DEFORMED TILL 
Introduction 
The movement of many modern and past glaciers has been attributed to the deformation 
of subglacial sediments (Alley et al., 1986; Boulton and Hindmarsh, 1987; Johnson and 
Hansel, 1999; Boulton, 1996a, b; Jenson et al., 1996; Truffer et al., 2000). This mechanism 
of glacier movement, which requires very high strains in the bed, has been invoked to explain 
the genesis of drumlins, eskers, and moraines (Menzies, 1989; Clark and Walder, 1994; 
Johnson and Hansel, 1999). Macroscopic features such as folds, faults, and boudinage are 
common in sediments overridden by glaciers and indicate that deformation has occurred 
(Hart and Roberts, 1994; van der Wateren et al., 2000). However, these features are 
attenuated and homogenized at relatively low cumulative strains (Hart and Boulton, 1991; 
van der Wateren et al., 2000). For example, a glacier moving at only 10 m yr"1 by uniformly 
shearing a 1 m thickness of underlying sediment would cause a shear strain of 1000 in only 
100 years. Thus, macroscopic features that become homogenized at high strains cannot be 
used to test the bed-deformation hypothesis. 
The degree of alignment (fabric) of elongate, gravel-sized clasts has also been used to 
characterize glacially derived sediments. Fabric analyses have contributed to both 
interpreting modes of till deposition (Dowdeswell and Sharp, 1986; Benn, 1995; Hicock et 
al., 1996) and distinguishing between glacial and non-glacial genesis of diamictons (Hart and 
Roberts, 1994; Kluiving et al., 1999). More importantly, analyses of till fabrics have been 
used to test the hypothesis that glaciers moved by shearing their substrates (Hart, 1994; 
Hooyer and Iverson, 2002; Larsen and Piotrowski, 2003). Conflicting interpretations have 
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resulted from the limited understanding of the variables that control the fabric signature, and 
distinguishing between deformed tills, melt-out tills, and lodgment tills based on fabric 
analyses alone is not possible (Bennett et al., 1999). However, these authors have suggested 
that till fabric analyses may indicate relative strain magnitudes within diamictons. 
If macroscopic structures of subglacial deformation are obliterated at high strains and 
macrofabric analyses are inconclusive, microscopic features associated with deformation, 
which may be preserved at high strains, may be more useful for testing the bed-deformation 
hypothesis. Microstructures in tills have been described and categorized extensively 
(Menzies, 2000a; van der Meer, 1993), and conclusions about deformation processes have 
been drawn from various field studies (Menzies, 2000b; Lachniet et al., 2001). However, a 
major limitation of studies of till microstructures in the geologic record is that the magnitude 
of strain associated with structures and fabric is not known. 
Properly designed laboratory studies provide a means of correlating deformation 
structures and fabric to strain through precise control of strain magnitude. In this study, ring-
shear experiments were conducted to evaluate for the first time the microstructural evolution 
of till during shear deformation from low to high (>100) strains. 
Background 
Most characterizations of microstructures in glacial sediments have been adapted from 
pedological descriptions in soil science (Brewer, 1976). Microstructures indicative of 
deformation have been described in terms of those found in the fine-grained matrix and those 
associated with the grain skeleton (Menzies, 2000a; van der Meer, 1996; 2003). Clay-sized 
particles tend to become preferentially aligned upon shearing; these aligned clay particles are 
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seen in thin section as highly biréfringent zones under cross-polarized light. The preferred 
orientation of these biréfringent zones and their spatial relationships constitute what is termed 
the plasmic fabric (van der Meer, 1993). Microstructural features associated with the grain 
skeleton have also been associated with various styles of till deformation. Such evidence of 
strain includes particle-rotation structures, pressure shadows, and crushed grains (Menzies, 
2000a). Similar to studies of macrostructures, descriptions of microstructures have been used 
to interpret till genesis (Menzies and Maltman, 1992; Menzies et al., 1997; Carr, 2001; Fuller 
and Murray, 2002) and various environments of diamicton deposition (van der Meer and 
Hiemstra, 1998; Hiemstra, 1999; 2001; Lachniet et al., 1999, 2001; Menzies, 2000b) 
For decades, laboratory experiments with rocks have been used to study the 
development of faults and fractures as a function of strain (Mandl et al., 1977; Gamond, 
1983; Logan et al., 1992; Beeler et al., 1996), and more recently fault development in 
granular materials has been simulated with numerical models (Morgan, 1999; Morgan and 
Boettcher, 1999). Similarly, laboratory studies of shear zones in clay-rich sediments have 
been conducted in the field of soil mechanics (Morgenstem and Tchalenko, 1967; Maltman, 
1987). Shear-zone structures in various granular materials are remarkably similar at scales 
ranging from shear-box experiments to regional faults (Tchalenko, 1970). These studies 
indicate that faults resulting from simple shear become more abundant and aligned with the 
overall shearing direction with increasing strain. Conjugate sets of failure surfaces (Riedel 
shears) at angles to the shearing direction develop upon initial strain (Ri and Ra shears). As 
strain accumulates, these shears become abandoned or destroyed as they rotate out of their 
initial orientations. Shear-parallel failure surfaces (Y-shears) may ultimately develop and 
accommodate deformation at high strains (>10) (Logan et al., 1992). 
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In addition to alignment of gravel-sized elasts, alignment of microscopic particles 
(microfabric) in till has been measured in field settings, and similar results have been 
observed at both scales of observation (Ostry and Deane, 1963; Evenson, 1971). Microfabric 
patterns have been observed both parallel (Evenson, 1971; Yi and Cui, 2001) and less 
commonly transverse (Johnson, 1983; Carr and Rose, 2003) to ice flow and are variable in 
strength. These contrasting fabric signatures have been attributed to different processes of 
till genesis, variations in local or regional ice-flow directions, and mechanisms of particle 
rotation based on specific rheological assumptions for till. Other microscopic studies include 
measurements of particle orientations in fault gouge (Cladouhos, 1999a), a material similar in 
origin and texture to basal tills. Because strain is never known independently and 
unequivocally in field studies of microfabric, laboratory studies are essential for quantifying 
the relationship between strain and microstructure development. 
Methodology 
Apparatus 
Two suites of experiments were conducted with two basal tills using a ring-shear device 
that is capable of shearing large specimens to high shear strains (Iverson et al., 1997). The 
device shears an annular till specimen under a steady stress that is applied normal to the 
shearing direction. The device can be configured to shear till at constant shear stresses 
(Moore and Iverson, 2002) or at constant shearing rates (Iverson et al., 1997; 1998; Hooyer 
and Iverson, 2000). Tests in the latter configuration were conducted in this study because 
they are easier to perform and fabric development should be independent of whether stress or 
shearing rate is controlled. 
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The sample chamber has an outside diameter of 0.6 m and a width of 0.115 m, and the 
maximum specimen thickness is 0.08 m (Fig. 1). In accordance with geotechnical testing 
procedures (e.g. Head, 1989), clasts greater than one-tenth the minimum specimen dimension 
must be removed, so the sample chamber is sufficiently large to accommodate fine gravel-
sized clasts. The till is bounded at the top and bottom by permeable aluminum platens with 
teeth that grip the specimen, which is hydraulically connected through these platens to an 
internal water reservoir that is open to the atmosphere. The upper platen is attached to a 
thick aluminum plate, termed the normal-load plate. A uniform normal stress is applied to 
the till by a lever arm with dead weights that presses down on the normal-load plate and 
upper platen. A maximum normal stress of 0.4 MPa may be applied with the lever-arm 
assembly. The normal-load plate is free to move vertically as the specimen volume changes 
during consolidation and shearing; vertical displacement of the normal-load plate is 
monitored by three displacement transducers (LVDTs). The lower aluminum platen is 
anchored to base of the device, which is rotated by a variable-speed motor and gears. The till 
specimen is confined on its sides by fixed upper walls and by lower walls that rotate with the 
base plate. The till is sheared when the base plate is rotated while the normal-load plate and 
upper walls remain rotationally fixed. The normal-load plate cannot rotate because it presses 
on two diametrically-opposed load cells. Displacement rates can be varied from 3.0-800 m 
yr"1, which encompasses nearly the full range of glacier speeds. 
Experimental Procedure 
Experiments were conducted with two late-Wisconsinan tills that were deposited by 
southern lobes of the Laurentide Ice Sheet. The Douglas Member till (5% gravel, 72% sand, 
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Figure 1. (a) Cross section of ring-shear device and (b) detail of sample chamber. Solid 
light grey components rotate. 
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23% silt and clay) of the Lake Superior Lobe (Nickerson Phase) was used because of the 
till's high clay content and low carbonate content, which help optimize the optical study of 
till microstructures (van der Meer, 1993; 2003). The Batestown Member till (17% gravel, 
49% sand, 34% silt and clay) of the Lake Michigan Lobe was also studied because it has 
been interpreted to have undergone extensive deformation (Boulton, 1996 a, b; Johnson and 
Hansel, 1999) and has been treated as a shearing basal till in ice sheet models (Jenson et al., 
1995,1996). 
Experiments were begun by adding distilled water to a till specimen and mixing the 
specimen until it was fully disaggregated. Clasts larger than about 7 mm in diameter were 
removed. The slurry was then added to the sample chamber of the ring-shear device and 
mixed with an aluminum rod to eliminate any particle fabric that may have developed while 
filling the sample chamber. All experiments were conducted with till that was consolidated 
and sheared under a normal stress of 65 kPa, which is comparable to the effective normal 
stress beneath many sediment-floored glaciers (Engelhardt and Kamb, 1997). The initial 
water content of each specimen was consistent between tests (Douglas, 32% ± 1%; 
Batestown, 23% ± 0.5%). Total consolidation was determined by monitoring downward 
movement of the normal-load plate, equivalent to the reduction in specimen thickness 
(Douglas till: 15% ± 2%; Batestown till: 14% ± 0.7%). Prior to each experiment, three 
columns of wooden beads (4 mm in diameter) were inserted vertically into the specimen 
across the sample width. Displacement of these beads was used to assess the strain 
distribution after each experiment. Each test was conducted at a displacement rate of 400 m 
yr"1 at the specimen centerline, similar to the speed of Whillans Ice Stream in West 
Antarctica (Engelhardt and Kamb, 1998). Each test was run to a predetermined 
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displacement. After each experiment the water reservoir was emptied, and the dead weights 
and normal-load plate were removed to expose the till specimen. 
After an experiment each wooden bead was carefully excavated and its displacement 
measured relative to its initial position. These measurements yielded an approximate shear-
zone thickness, which was 10-20 mm, depending upon the experiment. Shear strain was 
calculated by dividing the shear-zone thickness by the total shearing displacement (Fig 2). 
Thin-section preparation 
After each experiment, intact samples of till were extracted from the sample chamber. 
Thin copper plates were inserted vertically to isolate a tabular block of till, which was then 
removed from the sample chamber (Fig. 3 a,b). Each block was approximately 15 mm thick, 
50 mm long, and 70 mm high, which included nearly the entire thickness of the specimen. 
The till blocks were oriented vertically and parallel to the shearing direction. Between 4 and 
8 such blocks were collected after each experiment. Water was removed from the blocks by 
soaking them in acetone baths for a minimum of four days, which included eight periodic 
acetone exchanges (Fig. 3c). The water-acetone exchange process minimizes microstructure 
disturbance by expansive clay minerals (Clark, 1988). After acetone treatments the blocks 
were impregnated with an epoxy resin (Spurr resin). Multiple exchanges using epoxy diluted 
with acetone were done to optimize impregnation of the fine-grained till fraction. Then a 
final application of pure epoxy was added and cured by heating it to approximately 70°C. 
Standard- and large-size thin sections (27 x 46 mm and 51 x 75 mm, respectively) were made 
from the impregnated blocks. The thin sections were 30 microns thick and taken from the 
center of the block to avoid disturbed till at the block faces. 
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Figure 3 Photographs of sampling process, (a) Isolation of till in ring-shear device sample 
chamber, (b) excavation of intact till block, (c) dehydration of till blocks with 
acetone. 
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Analyses 
Six tests were conducted with the Douglas till. Each test was terminated at a different 
shear strain between 0 (only consolidation) and 108. Seven tests were conducted with the 
Batestown till, with shear strains ranging through a slightly smaller range (0-88). Using 
standard pétrographie techniques, thin sections from within vertical flow planes were 
analyzed by obtaining, for each test, between 3 and 9 digital photomicrographs (3X 
resolution) from within shear zones. The orientations of all elongate particles with long axes 
greater than 0.10 mm and minimum axial ratios of 1.5 were measured to obtain particle-
orientation data. Additionally, the distribution of microshears, which are seen as highly 
biréfringent lineaments, was analyzed for each test. All measurements were made using 
public-domain NIH Image software. 
At macroscopic scales, Mark (1973) used a statistical method of quantifying the 
direction (eigenvector) and magnitude (eigenvalue) of maximum clustering of clast 
orientations in till in three dimensions. However, particle orientations in only a single plane 
are easily measured at microscopic scales in the field. Since this laboratory work was aimed 
at providing a new field method for estimating strain, a two-dimensional application of the 
eigenvalue method was used in this study. 
Following Mark (1973), the long axis of an elongate particle is treated as a unit vector, 
Vj. A group of unit vectors has a direction of maximum clustering, Vi, termed the 
eigenvector. Each unit vector deviates from Vi by angle (j>i, and cos2(j)i is the component of 
each unit vector that is parallel to Vi. The degree to which particle orientations cluster 
around Vi can be calculated as an eigenvalue, 
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where Z cos24>i is maximized at Vi. Si is normalized by dividing by the number of 
observations, n. If Si =1, all particles are aligned in the same direction. In two dimensions, a 
perfectly uniform particle distribution (no alignment) would have an Si eigenvalue of 0.5. 
In simple shear of a granular material, which is a reasonable idealization for a 
deforming glacier bed, strain is accommodated by shear planes (Ri, R] and Y-shears) that are 
oriented predictably with respect to principal stresses (Fig. 4). In studies of fault gouge and 
sheared clay, the distribution and abundance of shear planes varied as a function of strain 
(Morgenstern and Tchalenko, 1967; Logan et al., 1992). Thus, where shear planes were 
visible in thin sections of our samples, their lengths and orientations were measured to 
attempt to quantify that variation. Between five and seven photomicrographs were analyzed 
for each test. A simple proxy was calculated to characterize the partitioning of strain 
between shears at high angles to the macroscopic shearing direction (>25°, chosen arbitrarily 
but corresponding roughly to Ri- and R%- shears) and those sub-parallel to it (< 25°; 
corresponding roughly to Y-shears). The degree to which low-angle shears accommodated 
strain was proportional to Is: 
2^ cos 4-, 
" ; • (2) 
^ 0! cos <9,. + ^  Yi cos 
i=i i=i 
where Y and O are the lengths of Y-shears and other shears, respectively, and Y and 6 are 
the acute angles of Y-shears and other shears, respectively, to the macroscopic shearing 
direction (Fig 4). 
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Figure 4. Orientations of microshears in brittle shear zones and angle convention for 
measurements of elongate-particle orientation (modified from Cladouhos, 1999). 
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Results 
Microfabric 
Experiments with both the Douglas till and Batestown till show the same general result: 
microfabric strength in a longitudinal flow plane increased systematically with strain (Fig. 5). 
Rose diagrams (Figs. 6 and 7) indicate graphically the orientation and strength of 
microfabrics, and eigenvalue analyses quantify those results. Before shearing, microfabric 
strengths were weak (0.53<Si>0.56), but non-random due to consolidation of the till or 
possibly incomplete mixing prior to consolidation. With shear strain microfabrics 
strengthened to a steady value (0.72<Si>0.74) at strains between 7 and 39 (Fig. 5). The 
direction of maximum clustering of elongate particles (Si eigenvector) also became 
increasingly parallel to the shearing direction as strain increased (Figs. 8-10). Steady-state 
Vi angles within 12° to the shearing direction were reached at strains between 7 and 39. 
Flow-parallel fabric as a function of grain size was also investigated. Two size groups 
were studied: fine sand and coarse to medium sand. Microfabric strengths generally 
increased with strain for either range of grain sizes studied. However, the larger particles 
tended to have stronger fabrics than smaller particles (Fig. 11). 
Microshears 
The highly biréfringent lineaments that characterize microshears were visible only in 
the Douglas till. Shear planes were not visible in thin sections of Batestown till due to its 
high carbonate content (17-23%). The extreme birefringence of carbonate minerals obscures 
the visibility of biréfringent clay minerals (van der Meer, 1993). Efforts to improve the 
visibility of microshears by etching with hydrochloric acid (Wilding and Drees, 1990) were 
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Figure 10. Photomicrographs of Batestown till showing orientations of elongate particles at 
various strains (y). Duplicate photomicrographs in the right-hand column include 
long-axis traces of elongate particles. All photos taken in plane-polarized light. 
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unsuccessful. The carbonate fraction of the till matrix may have been sufficiently high that 
insufficient clay minerals remained after etching. Thus, even at high strains, at which 
maximum clay-particle alignment and associated birefringence would be expected, the non-
carbonate fine-grained fraction may have been too small for microshears to be visible. 
Therefore, measurements of microshears were made solely from thin sections of the Douglas 
till. 
Results of experiments with the Douglas till indicate that microshears became more 
pervasive and more parallel to the shearing direction as strain increased (Fig. 12). Discrete 
microshears were not developed in specimens from the two lowest strain tests (shear strains 
of ~0 and 0.2, respectively). As strain increased, deformation was accommodated by sets of 
conjugate shears at high angles to the macroscopic shearing direction (-75° and -25°, 
respectively). At strains greater than 10, unidirectional pervasive microshears were 
observed, which were sub-parallel (< 25°) to the shearing direction. The variability of 
microshear orientation and abundance with strain was quantified by calculating values of Is. 
Values of Is increased progressively as a function of strain (from 0.87 to 0.97) in thin sections 
where microshears were visible (Fig. 12). 
Discussion 
Estimating the extent to which past ice sheets sheared their beds is limited to 
interpreting the sedimentary record. Previous studies have interpreted deformation structures 
in basal sediments of glaciers at the microscopic scale but without independent knowledge of 
strain magnitude. Van der Meer (1993; 2003) and Menzies (2000a) have extended 
pedological criteria to studies of glacial sediments to standardize the description of till 
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Figure 12. Photomicrographs of Douglas till showing microshear development at shear 
strains of (a) 5, (b) 10, (c) 39 (d) and 108. Arrows point to Ri and R% shears and 
Is is the index of low-angle microshear development given by Eq. (2). All photos 
were taken under crossed-polarized light. 
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microstructures. These and other studies have sought to describe features associated with till 
deformation (Menzies and Maltman, 1992; Menzies et al., 1997; Hiemstra and van der Meer, 
1997), interpret origins of diamictons (Lachniet et al., 1999; 2001), and infer depositional 
environments (Menzies et al., 1997; Hiemstra, 2001). Heimstra and Rijsdijk (2003) applied 
these descriptions to a laboratory study of microstructures in which a sample of ceramic clay 
was deformed in uniaxial compression to known strains. Particles rotated toward to the 
shearing direction and microshears progressively aligned with the shearing direction with 
strain, but experiments were conducted to strains of only 0.1. The much larger strains of our 
experiments (up to 108) and associated microstructure development are more relevant to the 
bed deformation hypothesis and provide a tool for quantifying the degree to which bed 
deformation contributed to the motion of past ice sheets. 
Microfabric development in these experiments was similar to that observed in 
experiments with macroscopic clasts. Hooyer and Iverson (2000) showed that gravel-sized 
clasts in till rotated toward the plane of shearing with strain and that high steady-state 
eigenvalues were reached at strains similar to those required to attain steady-state 
microparticle fabrics in our tests (Fig. 13). Similar to particles in till, Cladouhos (1999a) 
found that survivor-grain fabrics in clay-bearing fault gouge are commonly strong and 
aligned nearly parallel to the shear plane (Fig. 14). 
Eigenvalues of Hooyer and Iverson (2000) were generally larger than those of our 
microfabric analysis (Fig. 13). Gravel-sized particles may be more strongly aligned than 
smaller particles because they are less likely to collide with equal-sized or larger particles 
that would disrupt their rotation. Moreover, clustering of particle orientations in thin section 
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Figure 14. Rose diagrams of microfabrics measured in a vertical flow plane: (a,b) Yi and 
Cui, 2001; (c) Carr, 2001; (d-g) Cladouhos, 1999; (h,i) results from this study. 
Strain magnitude was unknown in all studies but the present one. 
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is arguably less optimized than in three dimensions because the plane of measurements may 
not be exactly parallel to the three-dimensional eigenvector. 
Microfabric development also closely paralleled the fabric defined by directions of 
maximum magnetic susceptibility. Anisotropy of magnetic susceptibility (AMS) has been 
used commonly for strain analyses of rocks and unlithified sediments (Tarling and Hrouda, 
1993; Schwehr and Tauxe, 2003). The AMS of our laboratory specimens of sheared till was 
measured for comparison with micro-particle fabrics. Directions of maximum magnetic 
susceptibility of 25 samples from each test were used to calculate eigenvalues of magnetic 
fabric (Hooyer et al., in review). Si eigenvalues of magnetic susceptibility fabrics increased 
with strain until steady-state values were reached at strains comparable to those required 
from steady-state micro-particle fabrics (Fig. 15). The AMS fabric is thought to be caused by 
elongate magnetite grains smaller than those measured in this study, indicating these smaller 
particles align in a manner similar to sand-sized particles. 
Microshear orientations and evolution in these experiments are consistent with previous 
observations in other materials. Laboratory studies of fault-gouge deformation indicate that 
Ri and R2 shears develop at low strains until shear-parallel Y-shears develop and 
accommodate deformation at higher strains (Rutter et al., 1986; Chester and Logan, 1987; 
Logan et al., 1992; Beeler et al., 1996). This progression of microshear development has 
been simulated numerically with distinct element models (Morgan and Boettcher, 1999). 
Also, laboratory studies with clay indicate that shear planes become progressively more 
parallel to the macroscopic shearing direction as strain increases (Morgenstem and 
Tchalenko, 1967; Maltman, 1987). Heimstra and Rijsdijk (2003) showed experimentally that 
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Figure 15. Results of anisotropy of magnetic susceptibility analyses of sheared till. 
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conjugate sets of microshears in ceramic clay are replaced by unidirectional shears with 
increased strain and sand grains become increasingly aligned with the shearing direction. 
Although the eigenvectors defined by particle fabrics of this study were close to the 
shear direction, they were not perfectly parallel to it, even at high strains (Fig. 8). This may 
reflect some influence of Riedel shears at high strains. For example, in left-handed strike-
slip shearing (Fig. 4), synthetic Ri shears tend to rotate particles counter-clockwise and 
nearly parallel to the plane of shearing, while antithetic R? shears tend to rotate particles 
oppositely. Thus, particle orientations in our till specimens likely reflect shearing that was 
affected to some extent by R% shears, which slightly rotated the Si eigenvector away from the 
plan of shearing. Riedel shears exist at scales ranging from microscopic to regional faults 
(Tchalenko, 1970; van der Wateren et al., 2000), so microscopic and macroscopic grains are 
expected to behave similarly, as is observed (Rutter et al., 1986; Logan et al., 1992; Hooyer 
and Iverson, 2000). Cladouhos (1999b) explained orientations of survivor grains in fault 
gouge (Cladouhos, 1999a) by considering the contributions of Riedel shearing and granular 
flow (pervasive strain). In our high-strain experiments, microshears become less discrete 
with strain suggesting that granular flow likely contributed to particle rotation. 
These observations of microfabric and microshear evolution with strain do not support 
some field interpretations of microstructures in glacial sediments. For example, some 
authors have speculated that pervasive shears (unistrial plasmic fabric) are indicative of high 
effective stresses during deformation (van der Meer, 1993; 2003). Each of our laboratory 
experiments was conducted under an effective normal stress of 65 kPa. Results of 
experiments with the Douglas till indicate that microshears become pervasive and 
unidirectional (unistrial fabric) only at relatively high strains (>10). At smaller strains (<5), 
95 
discrete shears were either not pervasive or not visible in thin section. Because the normal 
stress was identical in all tests, our results suggest that the magnitude of strain controls the 
degree to which pervasive shears develop and that unidirectional shears (unistrial plasmic 
fabric) can develop under relatively low effective stresses. These results are consistent with 
studies of fault zones where fault development is similar over wide ranges of confining 
pressures (Logan et al., 1992) at many different scales (Tchalenko, 1970). 
Another field interpretation not supported by these data is the assertion that most strain 
in a shearing bed is accommodated by particle rotation. Van der Meer (1997) identified 
particles with circum-grain plasmic fabrics and grain lineaments, which indicate that the 
particles have rotated sufficiently to localize shear strain around their perimeters. In our 
laboratory specimens of sheared till, these rotational features were observed but rarely. 
Rather, particles tended to rotate only enough to become sub-parallel with the shearing 
direction. The progressive development of microshears sub-parallel to the shearing direction 
(Fig. 12) suggests that slip along these shears accommodated most strain. Numerical 
simulations of granular shear zones (Morgan, 1999; Morgan and Boettcher, 1999) indeed 
indicate that particles rotate (synthetic and antithetic rotation), but motion occurs primarily 
along discrete slip planes. 
Micro fabric orientations have sometimes been observed transverse to the flow direction 
(Johnson, 1983; Carr, 2001; Carr and Rose, 2003) and have been interpreted in a variety of 
ways. The most common interpretation of such fabrics is that "rolling" grains transverse to 
the shearing direction dissipate the least energy during shear, so that with sufficient strain 
grains tend to assume a transverse orientation. Although in this study fabric development was 
evaluated in only a flow-parallel plane, development of a fabric transverse to the shearing 
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direction should be accompanied by weakening of fabric in a vertical flow plane. Instead, 
the overriding effect in these experiments was strengthening of the flow-parallel fabric with 
strain. This is consistent with the experiments of Hooyer and Iverson (2000), who observed 
no tendency for pea-sized elongate particles to roll transverse to shear, despite strains as large 
as 400. 
Carr (2001) and Carr and Rose (2003) have observed that fabric development depends 
on grain size, with smaller particles less strongly oriented in a flow-parallel plane. Our 
results are weakly consistent with this result if Si eigenvalues for two particle-size ranges are 
considered: medium to coarse sand grains tended to have stronger flow-parallel fabrics than 
smaller sand grains (Fig. 11). Smaller grains have a higher probability of colliding with 
equal-sized or larger grains during shear, which would tend to disrupt their rotation and 
promote weaker flow parallel fabrics (Kjasr and Kriiger, 1998). In addition, the fabric 
formed by the smaller grains weakened during the last strain increment for each till. The 
significance of this weakening is difficult to assess without more tests carried out to similarly 
high strains. 
Finally, the possible effect of strain rate on these results should be considered. All 
experiments were conducted at only one shear rate (400 m yr"1), so the potential effect of 
variable glacier speed or bed strain rate was not considered. However, extensive ring-shear 
experiments (Tika et al., 1996) indicate that the strengths of various granular materials, 
including till, and their styles of deformation do not vary appreciably with shear rate until 
shear rate exceeds -5000 m yr"1. Thus, our results should not be sensitive to shear rate over 
the range relevant to most glacier flow. 
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Implications for field studies 
As stated earlier, microstructures have been used often in field studies to infer the 
mode of sediment deposition or magnitude of bed deformation without a reliable indicator 
for strain magnitude (Menzies et al., 1997; Lachniet et al., 2001). Our laboratory results 
indicate that cumulative shear strain in till can be estimated from microfabric and microshear 
analyses. Laboratory calibrations of microfabric to strain magnitude show that total strain 
can be determined to a precision that depends on the magnitude of the Si eigenvalue and the 
standard error of the calibration (Fig. 16). Owing to their constant values at high strains, 
large Si eigenvalues can be used to determine only a minimum shear strain. An advantage of 
this technique, relative to macrofabric studies, is that it can be applied both over very small 
length scales and to massive tills poor in gravel-sized clasts. Such tills are common and may 
owe their homogeneity to bed deformation to high strains. 
Although our laboratory results indicate that strain in tills can be estimated from 
microfabric analyses, microfabric alone cannot be used to determine where or how 
deformation occurred. Strain indicators preserved in tills may develop from a variety of 
glacial processes. Particle fabric may develop during shear of basal ice and the fabric 
preserved upon deposition of sediment by basal melting and lodgment. However, the 
presence of microshears in till (evidence of brittle deformation) would imply that strain did 
not occur in basal ice, which deforms ductilely. Till may also be sheared in the bed just 
below the glacier sole by lodgment or to depth by pervasive deformation of the bed. Strain 
patterns near large clasts may help indicate if clasts were lodged, or strain gradients with 
depth may indicate the extent of pervasive till deformation. In any case, future work on 
98 
0.80 
0.75 -
0.72 
g 0.70 
i 
S 0.65 • O) 
<D 0.62 
w" 0.60 • 
0.55 i 
0.50 
0.80 
0.75 -
I ' 
1 ? E  
" * 0 
—-— 
I 
1 SE 
^ minimum strain 
Batestown till 
I I 
m
 
J 
I 
1 SE 
I 
I I I I I. 
! 
— r a n g e  o f  r e s o l v a b l e  s t r a i n  
II, 
20 40 60 80 100 
1 SE 
0.70 -
m 0.65 
minimum strain 
Douglas till 
range of resolvable strain 
20 40 60 80 
Shear strain, y 
100 120 
Figure 16. Si eigenvalues as a function of shear strain for the two tills. The standard error 
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microfabrics should focus on distinguishing between deformation associated with lodgment 
and that associated with pervasive bed deformation. Such studies are the critical step 
required to test the bed-deformation hypothesis. 
Conclusions 
Evidence of till deformation can be found at many scales, and in particular, certain 
microstructures may be indicative of the potentially high-strain environments beneath soft-
bedded glaciers. This study improves upon micromorphological studies in which deformed 
glacial sediments have been interpreted based solely on observations of field samples. Our 
laboratory experiments with two different Pleistocene tills indicate that microstructures 
change systematically as a function of strain. Previous studies of tills have failed to 
demostrate microstructural development as a function of strain magnitude (van der Meer, 
1993; 1997; 2003; Menzies et al., 1997; Menzies, 2000b; Lachniet et al., 2001). 
Two-dimensional eigenvector and eigenvalue analyses of elongate-particle orientations 
indicate that microfabrics become stronger and more aligned with the direction of shearing as 
strain increases. Steady-state Si eigenvalues are 0.72-0.74 and attained at strains of 7-39. 
Microshears also become more pervasive and more parallel to the macroscopic shearing 
direction with increasing strain. These results are consistent with qualitative studies of 
microstructures in granular materials similar to till (Morgenstem and Tchalenko, 1967; 
Heimstra and Rijsdijk, 2003), laboratory and field studies of macro fabrics in till (Hooyer and 
Iverson, 2000; Larsen and Piotrowski, 2003), AMS fabrics of till measured in ring-shear 
studies (Hooyer et al., in review, and studies of fault gouge (Chester and Logan, 1986; Logan 
et al., 1992; Cladouhos, 1999a). These results contradict some field inferences by indicating 
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that major changes in the character of microshears can be independent of effective stress and 
by providing no support for the development of transverse particle fabrics at high strains. 
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CHAPTER 4. ORIGIN OF THE BATESTOWN TILL OF THE LAKE 
MICHIGAN LOBE AS INDICATED BY MAGNETIC AND SAND-
PARTICLE FABRICS 
Introduction 
Processes of subglacial sediment transport and deposition result in conspicuous 
geomorphic features and influence glacier flow (Paterson, 1994). However, observations of 
subglacial sedimentological processes are difficult because they are limited to either borehole 
measurements (Blake et al, 1994; Engelhardt and Kamb, 1998) or rare tunnel access 
(Boulton and Hindmarsh, 1987) to the bed. Furthermore, interpreting flow mechanisms from 
the deposits of former glaciers is difficult because glacigenic sequences in the geologic 
record usually include complex subglacial, proglacial, and supraglacial facies (Eyles, 1979; 
Johnson and Hansel, 1990; Fuller and Murray, 2002). 
Sediments associated with Pleistocene ice sheets have been studied for many decades to 
better understand glacial processes (e.g. Evenson, 1971; Mickelson et al., 1983; Johnson and 
Hansel, 1999; Larsen et al., 2004). Subglacial sediments (e.g. basal tills) are most relevant to 
understanding basal conditions of former soft-bedded glaciers, with important implications 
for sediment transport by modern soft-bedded glaciers (Engelhardt and Kamb, 1998; 
Tulaczyk et al., 1998). However, data that allow the depositional genesis of glacigenic 
sediments to be determined unequivocally are rare. For example, basal tills deposited near 
the southern margin of the Laurentide Ice Sheet are commonly massive with few genetic 
indicators. Thus, a major goal of many laboratory (Hooyer and Iverson, 2000a; Heimstra and 
Rijsdijk, 2003) and field studies (Johnson, 1983; Lachniet et al., 2001) has been to 
quantitatively characterize till features that might reveal specific depositional origins. 
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Two hypotheses are commonly invoked for the origin of massive basal tills: sediment 
is transported in sliding basal ice and plastered onto the bed by melting of the glacier sole 
(lodgment), or alternatively sediment transport results from shear deformation of the bed to 
high strains and deposition occurs when that deformation stopped (bed-deformation 
hypothesis). Massive tills may reflect particle dispersion and bed homogenization due to 
high shear strains (Boulton, 1996a; Benn and Evans, 1996), consistent with the bed-
deformation hypothesis. However, preservation of other sedimentological structures, such as 
bedded sand lenses, intact but friable sand intraclasts, and sharp contacts, seemingly 
contradict that interpretation (Clayton et al., 1989). Furthermore, relatively unequivocal 
evidence of clast lodgment has been observed in the geologic record (Piotrowski et al., 
2001), commonly in association with homogenous tills (Clark and Hansel, 1989). Thus, 
there is essentially no consensus regarding the origin of most massive basal tills (see, for 
example, the strongly contrasting reviews of Boulton et al. (2001) and Piotrowski et al. 
(2001) regarding the importance of bed deformation as a means of sediment transport. 
In this study, laboratory measurements of magnetic susceptibility and sand-particle 
orientations in experimentally-deformed till were compared to detailed field measurements of 
the same till to evaluate the degree to which bed deformation may have contributed to 
sedimentary processes. Measurements were made along vertical sections within the 
Batestown till of the late-Wisconsinan Lake Michigan Lobe, which is thought by some to 
have moved primarily by shearing its bed to high strains (Jenson et al., 1995, 1996; Boulton, 
1996b). Data were also collected near large clasts to examine whether they lodged out of 
sliding basal ice onto the soft bed or rotated in a bed shear zone that was sufficiently thick to 
contain them. The till magnetic characteristics and sand-grain orientations suggest that bed 
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shear strains were generally too small to be consistent with the bed-deformation hypothesis, 
that lodgment and shallow bed deformation were likely spatially and temporally variable, and 
that deformation of the full till thickness at any one time was unlikely (Jenson et al., 1995, 
1996; Boulton, 1996b). 
Background 
Pebble fabric (the degree of alignment of elongate clasts) has long been used to 
characterize basal tills (e.g. Holmes, 1941). Mechanisms of basal till deposition as well as 
relative magnitudes of till deformation have been interpreted from fabric analyses 
(Dowdeswell and Sharp, 1986; Benn, 1995; Larsen and Piotrowski, 2003). For example, 
high shear strains in till consistent with the bed-deformation hypothesis have been inferred 
from weak pebble fabrics (Hart, 1994). However, laboratory studies have shown that high 
strains result in strong fabrics (Hooyer and Iverson, 2000a), and some field interpretations 
have indicated that strong pebble fabrics likely also result from lodgment (Kruger, 1979; 
Benn, 1995; Larsen and Piotrowski, 2003). Similarly, basal melt-out tills (deposited from 
stagnant ice) have been interpreted from pebble fabrics both parallel and transverse to ice 
flow (Lawson, 1979; Dreimanis, 1989). Given these conflicting results and interpretations, 
inferring till genesis from pebble fabrics alone is not possible (Bennett et al., 1999). 
Observations and measurements at smaller scales may provide better insight to these 
processes. Microscopic features such as microshears, rotational structures, and pressure 
shadows around particles have been associated commonly with depositional origins of 
glacigenic sediments (e.g. van der Meer, 1993, 2003; Menzies, 2000). However, efforts to 
tie these features to specific depositional processes have been largely speculative and 
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grounded neither on sound experimental observations nor on sound glaciological principles. 
The fabric formed by sand-sized particles has also commonly been measured for some time 
(e.g. Ostry and Deane, 1963). Many field studies of sand-particle fabrics have focused on 
geomorphic features such as drumlins (Evenson, 1971; Shaw and Freschauf, 1973; 
Piotrowski and Vahlkiek, 1990); others have led to interpretations of till genesis (Johnson, 
1983) or spatial variations of bed deformation (Yi and Cui, 2001; Stroeven et al., 2002). 
Magnetic characteristics of rocks and sediments can also provide valuable insight into 
micro-sedimentary structure. In particular, the anisotropy of magnetic susceptibility (AMS), 
which indicates the direction and degree of alignment of magnetic particles, is a technique 
that has been used extensively with rocks and sediments to interpret magnitudes and 
directions of fault displacement (Richter, 1991; Hayman et al., 2004), directions of sediment 
transport (Hamilton and Rees, 1970; Lagroix and Banerjee, 2002), and deformation of 
sediment facies (Schwehr and Tauxe, 2003). Thus, AMS techniques have been applied to a 
wide variety of geological materials, including till. AMS studies of till have sought to 
determine ice-flow directions of former glaciers (Fuller, 1964; Stupavsky and Gravenor; 
1974, Boulton, 1976), provenance of sediment sources (Gravenor and Stupavsky, 1974), and 
depositional processes (Eyles et al., 1987; Eaterbrook, 1988). 
Unfortunately, field studies of pebble fabrics (Dowdeswell and Sharp, 1986; Hart, 
1994), sand-particle fabrics (Yi and Cui, 2001; Carr and Rose, 2003), and magnetic fabrics 
(Fuller, 1964; Gravenor et al., 1973; Eyles et al., 1987) in massive tills have led to 
contradictory genetic interpretations. None of these studies has been in association with 
laboratory studies aimed at correlating structural features to the magnitude and direction of 
till shearing. Thus, multi-scale field investigations (e.g. Kluiving et al., 1999; van der 
110 
Wateren, 1999) in conjunction with such laboratory studies (Hooyer and Iverson, 2000a, b; 
Heimstra and Rijsdijk, 2003; Thomason and Iverson, in press) can better constrain 
interpretations. In particular, studies of microscopic characteristics of till as they relate 
quantitatively to strain magnitude may provide reliable tests of the bed-deformation 
hypothesis. 
Laboratory methods 
Changes in magnetic and sand-grain fabric with strain in the Batestown till have been 
studied using a ring-shear device (Iverson et al., 1997). This device (see Chapter 3, Fig. 1) 
shears a remolded, saturated till specimen under a wide range of effective normal stresses (5-
400 kPa). Each of our experiments was conducted at an effective normal stress of 65 kPa, 
which is similar to those measured beneath soft-based portions of modern ice sheets 
(Engelhardt and Kamb, 1997). The till specimen occupies an annular chamber (75 mm thick, 
115 mm wide, O.D. of 600 mm) that is bounded at the top and bottom by permeable 
aluminum platens with teeth that grip the specimen. The specimen is connected 
hydraulically through the platens to a water source that is at atmospheric pressure. Before an 
experiment the wet till specimen is mixed in the sample chamber to eliminate preferred 
orientation of particles, although consolidation of the specimen of -5-15% during application 
of the normal stress causes discernable but minimal preferred orientation (e.g. Thomason and 
Iverson, in press). Shearing occurs when the lower platen and lower walls are rotated 
beneath the upper platen and walls, which do not rotate. A shear zone (10-35 mm thick) 
develops near the center of the specimen (Hooyer and Iverson, 2000b). After each test the 
assembly for applying the normal stress was removed, along with the upper platen, to expose 
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the specimen for sampling. Shear strain was calculated as the shearing displacement along 
the specimen centerline divided by the shear-zone thickness, which was indicated by the 
displacement of marker beads within the specimen. Seven experiments were conducted with 
the Batestown till to different prescribed displacements, corresponding to shear strains 
ranging from 0 to 88. Shear-zone thicknesses were 10-20 mm. 
Magnetic fabric 
Magnetic characteristics of till sheared with the ring-shear device were measured as a 
function of strain (Hooyer et al., in review). Magnetic susceptibility of a sediment sample is 
a measure of the ratio between induced magnetization and an inducing magnetic field 
(Tarling and Hrouda, 1993). The magnitude of magnetic susceptibility depends on the 
direction of measurement. The resultant anisotropy of magnetic susceptibility (AMS) is 
determined by measuring magnetic susceptibility at multiple orientations. These 
measurements are used to define an AMS ellipsoid, which is characterized by the magnitudes 
and orientations of the maximum, intermediate, and minimum magnetic susceptibilities. The 
long axis of the ellipsoid (maximum susceptibility) reflects an average orientation of the long 
axes of elongate magnetic particles and is commonly parallel to other elongate particles. 
This relationship has been supported by AMS studies of fault gouge (Hayman et al., 2004), 
glacial sediments such as till (Fuller et al., 1964; Gravenor et al., 1973; Eyles et al., 1987), 
and theoretical calculations of magnetic-particle rotation (Hrouda and Jezek, 1999). Thus, 
the rotation of elongate particles (mainly silt-sized magnetite) during shear is reflected 
quantitatively in AMS measurements. 
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After each experiment, the upper part of the till specimen was extracted from the 
specimen chamber exposing the upper surface of the shear zone, as indicated by marker 
beads. Open plastic boxes (20 mm x 20 mm x 18 mm) were pressed downward into the 
shear zone until they were sediment-filled (Fig. 1). Only the outermost 2 mm of till in each 
box should be disturbed by this process (Tarling and Hrouda, 1993), or about 2% of the total 
sample volume. The orientations of boxes were noted before they were carefully excavated 
and capped. A minimum of 25 samples was collected after each experiment. 
The AMS of each till sample was measured with a Geofyzika AC Susceptibility 
KappaBridge located at the University of Minnesota Institute for Rock Magnetism. 
Magnetic susceptibility of each till sample was measured at 15 different orientations by 
subjecting the sample to a low energy magnetic field. These measurements were used to 
define for each sample the orientations of the maximum, intermediate, and minimum axes 
(K], K.2, and K3, respectively) of the magnetic susceptibility ellipsoid. We applied the fabric 
analysis method of Mark (1973) to determine the direction and strength of clustering of Ki 
axes, which reflect the orientations of elongate magnetic particles. From Mark (1973), the 
degree to which Ki axes are preferentially aligned is calculated as a normalized eigenvalue, 
Si. For three-dimensional data, Si varies between 0.33 (Ki orientations uniformly 
distributed) and 1.0 (Ki axes perfectly aligned). Fabric calculations also include intermediate 
(S2) and minimum (S3) eigenvalues. Furthermore, the direction in which the clustering of K, 
axes is maximized is determined as the eigenvector, Vi. 
Thus, our laboratory experiments were used to define a three-dimensional magnetic 
fabric signal in till as a function of strain. There was no systematic correlation between the 
elongation of AMS ellipsoids and total strain, so the degree of anisotropy (e.g., Tarling and 
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specimen chamber 
AMS sample boxes 
Figure 1. Photograph of AMS laboratory sampling procedure. Till has been removed from 
the specimen chamber at elevations above the shear zone. The sample chamber is 
115 mm wide. 
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Hrouda, 1993) could not be used as a strain indicator. More details regarding these AMS 
measurements can be found in Hooyer et al. (in review). 
Sand-particle fabric 
In addition to samples collected for AMS analyses, intact rectangular blocks of sheared 
till were removed from the specimen chamber of the ring-shear device and prepared for 
optical microfabric analyses. These blocks (70 mm x 50 mm x 15 mm) were collected at the 
specimen centerline and oriented along a vertical flow plane. Thin sections were produced 
from the blocks after dehydration and impregnation by acetone and epoxy treatments, 
respectively (Clark, 1988). Between 3 and 9 photomicrographs were taken of the shear zones 
visible in each thin section. The orientations of 140-272 elongate sand-sized particles (axial 
ratios 1.5 or greater) were measured in each thin section and analyzed to obtain eigenvalues 
and eigenvectors (Mark, 1973). Since particle orientations were measured only in planes 
rather than in three dimensions, Si values could in principle range from 0.5 to 1.0, 
corresponding to no alignment and perfect alignment, respectively. For a more detailed 
description of these microfabric methods, see Chapter 3 or Thomason and Iverson (in press). 
Field Methods 
Study area and geological setting 
The study area is located in north-central Illinois, which was glaciated in the Late 
Wisconsinan by the Lake Michigan Lobe (LML) of the Laurentide Ice Sheet (Fig. 2a). 
Deposits associated with three major fluctuations in the LML (named the Tiskilwa, the 
Batestown, and the Yorkville, oldest to youngest, respectively) are lithologically distinct and 
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Figure 2. (a) Southern margin of the Laurentide Ice Sheet (LIS) during the late-
Wisconsinan. (b) Locations of field sites in north-central Illinois within the 
terminal margin of the Batestown advance. Block arrows indicate former regional 
ice flow directions. 
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exposed, albeit rarely, along stream cutbanks, within gravel and stone quarries, and along 
roadcuts. A variety of glacigenic lithofacies are associated with each of these deposits, 
which include proglacial lacustrine and fluvial sediments, ice-marginal heterogeneous 
diamictons, and basal homogenous tills (Johnson and Hansel, 1990). The Batestown member 
is the focus of this study because the basal till of this member is considered to have been a 
deforming bed in glacier flow models (Jenson et al., 1995, 1996) and geomorphic 
interpretations of LML deposits (Boulton, 1996 a,b; Johnson and Hansel, 1999). The 
Batestown sediments were deposited between 18,500 and 17,700 radiocarbon years ago 
(Hansel and Johnson, 1996) during a re-advance of the LML after its maximum advance 
(Tiskilwa advance). These sediments are predominantly diamictons interpreted to be 
subglacial tills but also include ice-marginal sediments and proglacial lacustrine facies 
(Hansel and Johnson, 1996). The till facies associated with the Batestown are commonly 
massive-loam diamictons, which are up to 25 m thick in some end moraines and pinch out 
beneath younger glacial deposits in northeast Illinois (Hansel and Johnson, 1996). 
Two sites were chosen where the Batestown basal till is exposed fully and is easily 
accessible (Fig. 2b). At Wedron, IL, Wisconsinan glacial sediments are exposed along the 
walls of a large silica quarry (Fairmont Minerals). The Batestown sediments are 2-3 m thick 
at this location, which is approximately 70 km up-glacier from the Batestown ice margin at 
its maximum extent. Near Henry, IL, Wisconsinan sediments are exposed along a stream 
cutbank named Friday 3, which is located about 20 km up-glacier from the Batestown 
terminal ice margin. At this site the Batestown sediments are approximately 6 m thick. 
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Wedron 
At Wedron deposits associated with the three LML depositional events are exposed 
(Fig. 3 a, b), and the Batestown unit includes common facies of glacigenic sequences 
(Johnson and Hansel, 1990). A lowermost lacustrine-sediment facies (proglacial) is overlain 
by two pebbly diamicton facies, which are interpreted to be basal tills. The lower till (Wl) is 
approximately 0.8 m thick and is fine grained (8% gravel, 27% sand, 65% silt/clay) with a 
moderately sharp contact with the underlying lacustrine sediments. The protolith for this till 
may be lacustrine sediments that have been sheared subglacially (Johnson and Hansel, 1999). 
The upper boundary of Wl is marked by a moderately sharp contact with a loamy basal till 
facies (15% gravel, 47% sand, 38% silt/clay) of the Batestown unit (Fig. 3c). In exposures at 
Wedron, this till facies (W2) is approximately 1.0 m thick and is overlain by either fluvial 
sediments or a stratified diamicton facies interpreted to be melt-out till (Johnson and Hansel, 
1999) (Fig. 4a). Thus, our fieldwork at Wedron focused on the basal till facies, Wl and W2. 
Friday 3 
Near Henry, IL, deposits of the Tiskilwa and Batestown advances are exposed along a 
stream cutbank near Clear Creek, a tributary to the Illinois River (Fig. 5a). Multiple 
glacigenic facies are associated with the Batestown unit at this site. A massive till is 
approximately 3.6 m thick and overlies lacustrine silt and fluvial sand that are likely 
associated with proglacial environments between the Tiskilwa retreat and the Batestown 
advance (Figs. 5b,c). This homogenous loam diamicton (13% gravel, 59% sand, 28% 
silt/clay) has been interpreted to be a basal till in nearby outcrops (Johnson and Hansel, 
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Figure 3. (a) Aerial photo of Wedron sampling site with locations of profiles (P1-P3), (b) 
exposure of Quaternary sediments at Wedron, and (c) two till facies (W1 and W2) 
of the Batestown unit. 
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Friday 3 Wedron 
Figure 4. Schematic stratigraphie columns at (a) Wedron and (b) Friday 3. 
Photomicrographs show variability of till texture among sampling sites. 
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Figure 5. (a) Topographie map of Friday 3 field-sampling site, Cl, (b) photograph of 
cutbank exposure at Friday 3 site prior to excavation, and (c) photograph of 
Batestown unit after excavation, with underlying proglacial sediments. 
1999). It is overlain by thin beds of oxidized diamicton and sand and gravel, which are likely 
ice-marginal sediments deposited during the Batestown retreat (Fig. 4b). 
Field sampling 
At each field site intact samples of till were collected along multiple profiles that 
extended over the full basal-till thickness. AMS fabrics and sand-particle fabrics were 
measured along each profile. Measurements of bulk density and pebble fabric were also 
made at each site. 
Samples for AMS measurements were collected at 0.2 m intervals along three vertical 
profiles at the Wedron site (P1-P3) (Fig. 3) and along a single profile at the Friday 3 site (CI) 
(Fig. 5). At each interval till was excavated to expose a horizontal surface approximately 0.4 
m long by 0.3 m wide. Excavation was sufficiently deep to avoid modern pedogenic 
influence (-0.5 m at Wedron, -1.0 m at Friday 3). A four-walled titanium box sampler, with 
dimensions equal to the plastic AMS boxes, was inserted downward into the till at the 
exposed surface, and its orientation was measured (Fig. 6a). The titanium sampler was then 
excavated, and the encased till sample was carefully extruded into a plastic box. This 
process was repeated until 25 samples were collected at each depth. The AMS of each cube 
was measured as described in the laboratory analyses, and from those measurements 
magnetic fabrics were calculated at each depth. 
Intact till samples were also collected for microfabric analyses along CI, PI and P3 
(Figs. 3 and 5) at 0.2 m intervals. In some instances, a large four-walled steel box sampler 
(30 mm x 30 mm x 50 mm in height) was used to collect a single block of till from each 
depth. However, in most cases a till block with dimensions similar to those of the sampler 
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Figure 6. (a) Photograph of AMS sampling procedure, (b) cartoon of till block (~50 x 50 x 
70 mm) excavated for micro fabric analyses, and (c) photograph of sampling 
procedure around large clasts. 
123 
was excavated with a trowel and masonry hammer (Fig. 6b). The orientation of each block 
was measured upon excavation. The blocks were wrapped for transport to the laboratory 
where they were impregnated with epoxy resin using the same method that was applied to the 
ring-shear specimens (Clark, 1988; Thomason and Iverson, in press). Following Evenson 
(1971), each epoxy-impregnated till block was thin-sectioned along two perpendicular planes 
to determine the azimuth (horizontal plane) and plunge (vertical plane) of elongate sand-
sized particles. Between 5 and 7 photomicrographs were taken of each thin section, which 
were 75 mm x 45 mm, and the orientations of elongate particles (axial ratio >1.5 and long 
axes > 0.1 mm) were measured. First, particles were measured in a horizontal plane, from 
which Si and Vi were calculated. Then, thin sections were made in a vertical plane parallel 
to Vi, and particle orientations were measured in that plane. This procedure was motivated 
by the experimental observation that particles align parallel to the azimuth of the shearing 
direction (Hooyer and Iverson, 2000a), such that vertical thin sections parallel to Vi in a 
horizontal section would then be approximately parallel to the local glacier-flow direction. 
An effort was made to also measure sand-particle fabric around boulders, which may 
help illuminate modes of basal till transport and deposition (Thomason and Iverson, in press). 
Till was sampled near 11 large clasts in W2 of the Batestown till at Wedron. Large till 
blocks (70 mm x 50 mm x 50 mm) were collected immediately down-glacier from large 
clasts (> 0.05 m in dia.), as indicated by the regional ice-flow direction (N 60° E). From 
these blocks thin sections were made in a vertical plane oriented parallel to the regional ice-
flow direction. Specific sampling locations were near the upper down-glacier edges of clasts 
(Fig. 6c), where microfabric patterns may allow boulders deposited by lodgment to be 
distinguished from those that have been rotated in a sheared bed (Thomason and Iverson, in 
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press). Many samples were also collected near the lower down-glacier edges of boulders, in 
the likely vicinity of "prows," arcuate ridges of sediment that form due to bulldozing of bed 
sediment by clasts (Clark and Hansel, 1989) (Fig. 6c). 
Samples were also collected at each profile for measurements of dry bulk density. 
Intact till blocks (1.1 x 105 mm3 to 3.2 x 105 mm3) were excavated along each profile and 
transported to the laboratory. The blocks of till were oven-dried, weighed, and then coated 
with paraffin wax. The till-block volumes necessary to determine bulk density were 
estimated by measuring the volume of water they displaced minus the volume of paraffin 
wax. 
Pebble orientations were also measured at each site. The orientations of the long axes 
of at least 50 elongate pebbles (axial ratio >1.5) were measured for comparison with the 
other fabric results. The eigenvalue method of Mark (1973) was used to characterize these 
pebble data. 
Results 
Ring-shear experiments 
The results of ring-shear experiments with the Batestown till indicate that elongate 
particles become increasingly aligned with shear strain (Fig. 7). At low strains (0-7) AMS 
fabrics are weak (Si=0.50-0.68) but become stronger (Si=0.90-0.93) with increasing strain 
(Fig. 7a). AMS Si eigenvalues become steady (-0.94) at or above a shear strain of-20-30. 
Also, AMS Vi directions become progressively sub-parallel to the shearing direction (within 
25°) with increasing strain. The laboratory data also indicate that elongate sand particles 
become increasingly aligned with the shearing direction with strain (Fig. 7b). At low shear 
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Figure 7. Results of laboratory experiments, (a) AMS Si eigenvalue as a function of strain 
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strains (0-7), sand-particle fabrics in a vertical flow plane are weak (Si=0.5-0.6) and poorly 
aligned with the shearing direction but become progressively stronger (Si=0.72-0.74) with 
increasing strain (>7). Two-dimensional sand-particle fabrics appear to become steady (Si ~ 
0.74) at lower strains (-10-20) than the AMS fabrics, and Vi directions become sub-parallel 
to the plane of shearing (within 12°) at high strains. 
Overall, these results indicate that both AMS and sand-particle fabrics increase in 
strength with shear strain until they become steady at moderate strains (10-30). The results 
also indicate no tendency for the formation of transverse fabrics. Rather, the long axes of 
AMS ellipsoids and sand particles become progressively aligned with the shearing direction 
with strain. These results can be applied to the Batestown till to help characterize its 
deformation and mode of deposition. 
Field sampling 
Wedron profiles 
AMS fabrics of the Batestown till along profiles (P1-P2) at Wedron are generally 
strong, with the exception of the uppermost measurement (Figs. 8 and 9). Excluding this 
measurement the mean Si value is 0.87 ± 0.06). This value is high but not as high as the 
steady values obtained at high strains in the ring-shear experiments (-0.94). AMS fabrics of 
P3 are not as strong overall (Si-O.76 ± 0.11) as those of PI and P2 and are more variable 
than at PI and P2 (Figs. 8 and 9). No systematic difference in AMS strength between W1 
and W2 is discernable. 
Azimuths of AMS fabrics (Vi) at Wedron are oriented generally NE-SW (mean: 
N70°E). Along PI fabric directions trend uniformly NE-SW (N54°E) in W1 and E-W 
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Figure 8. Sand-particle fabrics and AMS fabrics (Si eigenvalues) within profiles of the 
Batestown till at Wedron. 
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P1 P2 P3 
Figure 9. Stereoplots of AMS measurements along profiles at Wedron. Directions of 
maximum magnetic susceptibility (Kl) are plotted. Numbers (1-9) indicate 
sampling locations along the profiles. Data are summarized in Appendix D. 
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(N92°E) in W2 (Fig. 9). AMS azimuths along P2 and P3 are also generally oriented ENE-
SSW but are less uniform with a less clear distinction between W1 and W2 (Fig. 9). 
However, AMS fabrics of W1 plunge in all profiles largely to the E-NE (mean: 25°), whereas 
fabrics of W2 plunge consistently to the W-SW (mean: 25°). 
In contrast to many of the AMS fabrics, sand-particle fabric strengths (measured from 
horizontal and vertical thin sections) along PI and P3 are weak to moderate (mean Si-0.60 ± 
0.06) (Fig. 8). Strong Si eigenvalues were measured in the upper 0.5 m of W1 along PI (Fig. 
8). No clear distinction between sand-particle strengths of W1 and W2 is discernable. 
Azimuths of sand-particle fabrics at Wedron (measured at PI and P3) are oriented 
generally NE-SW (mean: N65°E) (Fig. 10), similar to the AMS fabric azimuths. However, 
unlike the AMS fabric azimuths for PI, a difference in azimuthal direction between the 
fabrics of W1 and W2 is not clearly apparent. However, similar to AMS measurements, 
microfabrics in W1 plunge generally to the NE (mean: 6°) and those in W2 plunge to the SW 
(mean: 25°) (Fig. 10). These data are summarized in Appendix D. 
Friday 3 profile 
AMS Si eigenvalues vary systematically with depth along the profile (CI) at Friday 3 
(Fig. 11). The lower 2.2 m is characterized by AMS Si values that decrease overall with 
height in the section (from -0.9 to 0.5). AMS fabrics in the upper 1.4 m are generally strong 
(Si~0.85) but weaken near the top (upper 0.3 m). 
AMS fabric directions in this profile also vary systematically as a function of depth 
(Fig. 12). AMS Vi directions trend consistently E-W in the lower 1.7 m portion of the till 
unit (mean: N100.8°E) and plunge gently to the east (mean: 22°). Vi directions in the upper 
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Figure 10. Rose diagrams of sand-particle fabric data along two profiles (PI and P3) at 
Wedron. Full-circle diagrams display particle measurements in a horizontal 
plane. Gray tickmarks indicate the orientations of Vi. Half-circle diagrams 
display particle measurements in a vertical plane parallel to V,. Numbers (1-9) 
indicate sampling locations along the profiles. Data are summarized in Appendix 
D. 
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Figure 11. Sand-particle fabric strengths and AMS fabric strengths (S, eigenvalues) within 
profiles of the Batestown till at Friday 3. 
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Figure 12. Stereoplots of AMS measurements along CI at Friday 3. Directions of maximum 
magnetic susceptibitliy (Kl) are plotted. Numbers (1-18) indicate sampling 
locations along the profile. Data are summarized in Appendix D. 
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1.7 m of the unit trend NNE-SSW (mean: N14.2°E) and plunge to the N-NE (mean: 28°) 
(Fig. 12). The change in AMS fabric direction near 1.4 m depth is coincident with the abrupt 
increase in AMS fabric strength at this depth (Fig. 11). 
Sand-particle fabric strengths in both horizontal and vertical planes are generally 
moderate throughout CI (mean Si =0.63 ± 0.05) (Fig. 11). Strong microfabrics (Si>0.7) 
were measured only occasionally (horizontal fabrics at 1.4 and 3.4 m depth). A faint but 
discernable upward-decreasing trend in Si eigenvalues is apparent in the lower portion of the 
section over which AMS fabrics weaken more conspicuously (Fig. 11). 
Azimuths of sand-particle fabrics over CI are generally similar to AMS fabric 
directions (Fig. 13). From the base of the section up to depths of 1.8 m, eigenvectors (Vi) 
trend consistently E-W (mean: N80.0°E) and plunge generally to the E (mean: 34°). Above 
this depth eigenvectors tend to trend NNE-SSW (mean: N22.9°E) and plunge generally to the 
NE (mean: 45°). 
An important concern of till fabric studies is the potential for operator bias (Klein and 
Davis, 2004). Thus, two operators conducted particle-orientation measurements from 
multiple thin sections, using randomly selected photomicrograph locations. These results do 
not show significant differences between operators (Fig. 14). 
Ancillary field measurements 
The Batestown till at Wedron is generally dense, but there is a clear difference in bulk 
density between W1 (2.0 g/cm3 ± 0.06 g/cm3) and W2 (2.3 g/cm3 ± 0.05 g/cm3) (Fig. 15). 
Bulk-density values at Friday 3 are similar to those of W2 at Wedron (2.3 g/cm3 ±0.04 
g/cm3) and relatively uniform throughout the section (Fig. 15). 
N N 
Figure 13. Rose diagrams of sand-particle fabric data along the profile (CI) at Friday 3. Full 
circle diagrams display particle measurements in a horizontal plane. Gray 
tickmarks indicate orientations of Vi. Half-circle diagrams display particle 
measurements in a vertical plane parallel to Vi. Numbers (1-18) indicate 
sampling locations along the profile. Data are summarized in Appendix D. 
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Figure 14. Rose diagrams of sand-particle orientations measured by two operators. Gray 
tickmarks indicate orientations of Vi. 
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Measurements of pebble fabrics at both sites spanned large areas (~ 40 m2), owing to 
the low density of pebbles in the Batestown till (Fig. 16). The orientations of 50 elongate 
pebbles were measured at Wedron within both W1 and W2 and indicate a moderately weak 
fabric (Si= 0.60) oriented NE-SW (Vi: N 51°E, plunge 22°). At Friday 3, the orientations of 
85 elongate pebbles were measured. This fabric was also weak (Si= 0.55), and Vi was 
oriented N 43° E and plunged 22° to the NE. 
At Wedron sand-particle fabrics down-glacier of 11 large clasts were variable (Fig. 17). 
Clast sizes ranged between 60 mm and 180 mm in diameter. Overall, Si eigenvalues of sand-
particle fabrics were weak to moderate (mean Si = 0.61 ± 0.05). Measurements near 3 clasts 
yielded inconclusive microfabric-plunge data. However, Vi directions near the upper down-
glacier edges of 5 clasts plunged definitively up-glacier, whereas Vi directions associated 
with 3 other clasts plunged down-glacier. These data are summarized in Appendix D. 
Discussion 
Comparison of magnetic and sand-grain fabrics 
An important goal of this study was to compare results of magnetic and pétrographie 
techniques for characterizing till fabric. An assumption of past AMS studies of till is that 
directions of maximum magnetic susceptibility (Ki) reflect the orientations of the long axes 
of elongate particles (Gravenor et al., 1973; Stupavsky et al., 1974). Consistency between 
sand-particle orientations and K, orientations in our laboratory experiments support this 
assumption, as do similar results from field studies of fault gouge (Hayman et al., 2004) and 
till (Fuller, 1964). A recent study (Hooyer et al., in review) of the magnetic characteristics of 
the Batestown till indicates that most magnetic grains are silt-sized and equidimensional; 
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Figure 16. Stereoplots and density plots of pebble-fabric measurements at Wedron and 
Friday 3. Gray dot in each indicates Vi. 
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magnetic anisotropy may arise from the alignment of less numerous but larger elongate 
magnetic particles (Stupavsky and Gravenor, 1974). Overall, these studies suggest that AMS 
fabrics are a consequence of particle alignment during shear. One objective of this study was 
to further test that conclusion by measuring both AMS fabrics and sand-particle fabrics at 
nearly identical locations in the Batestown till. 
The orientations of the AMS and sand-particle fabrics are generally similar (Figs. 18 
and 19). Linear regression of Vi azimuths of the AMS against those of the sand-particle 
fabrics yields a coefficient of determination (R2) of 0.55 with a root-mean-squared error of 
24° (Fig. 20). This correlation may be weakened by the relatively small sample size (n = 16) 
and the limitation of sand-particle measurements in only two dimensions. Our data are 
consistent with those of other studies that found orientations of sand-particle and AMS 
fabrics to be roughly similar in both till (Fuller, 1964) and fault gouge (Hayman et al., 2004). 
Although the orientations of AMS and sand-particle fabrics are similar, AMS fabrics 
are consistently stronger than sand-particle fabrics (in both the laboratory and field 
measurements (Figs. 8 and 11). This may reflect the different methods of fabric 
measurement. AMS fabric strengths are computed from the Ki values of 25 samples; each 
Ki value reflects the orientations of many particles within a sample, such that the Ki value is 
a volumetric average. In contrast, strengths of sand-particle fabrics depend on the degree of 
alignment of single grains. Thus, the degree of variability of the orientations of these 
individual grains will be greater than that of Ki orientations, resulting in sand-particle fabrics 
that are weaker than AMS fabrics. Human error, absent in the measurement of AMS fabrics, 
may also add variability to measurements of sand-particle orientations, further reducing 
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Figure 18. Stereoplots of AMS Vi orientations (black triangle) and sand-particle Vi 
orientations (circle) along two profiles at Wedron. Following Evenson (1971), 
azimuth and plunge of sand-particle Vi orientations were determined from 
particles measured in horizontal and vertical thin sections, respectively. Numbers 
(1-9) indicate sampling locations along the profiles. 
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Figure 19. Stereoplots ofVi orientations at Friday 3 for both AMS (black triangle) and sand-
particle data (circle). Following Evenson (1971), azimuth and plunge of sand-
particle Vi orientations were determined from particles measured in horizontal 
and vertical thin sections, respectively. Numbers (1-18) indicate sampling 
locations along the profile. 
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particle-fabric strengths. These factors may also affect the lack of a clear spatial correlation 
between the AMS and sand-particle fabrics (Figs. 8 and 11) 
Sediment transport by the Lake Michigan Lobe 
This study was aimed at addressing a fundamental question: did the Lake Michigan 
Lobe during the Batestown phase transport sediment primarily by shearing its bed? Various 
models of the Lake Michigan Lobe invoke bed deformation to very high shear strains 
distributed over most of the bed thickness (Beget, 1986; Jenson et al., 1995; Boulton, 1996b, 
Johnson and Hansel, 1999). Even for short glacier occupation times and moderate glacier 
flow velocities this hypothesis requires shear strains in the bed that are orders of magnitude 
larger than the highest strains achieved in our ring-shear experiments. Given that these 
experiments were conducted until steady, maximum eigenvalues were achieved, the 
Batestown till should display fabrics as strong as the steady-state laboratory values if the bed-
deformation hypothesis is correct. 
In general, both AMS and sand-particle fabrics are not sufficiently strong to have 
resulted from the high strains required of the bed-deformation model. Some AMS fabrics in 
the lower portions of PI and P2 at Wedron (Fig. 8) are comparable to steady-state fabrics of 
laboratory experiments (Si~0.94) (Fig. 7). However, most AMS fabrics are weaker than 
steady-state Si values. The mean Si eigenvalues of the strongest AMS fabrics (those for 
which Si > 0.80) for PI, P2, P3, and CI are 0.88, 0.90, 0.86, and 0.86, respectively. Thus, 
even when error associated with the regression of the laboratory Si eigenvalues (± 0.05) (Fig. 
7) is considered, the balance of the data indicates moderate rather than very high strains. This 
is particularly clear if AMS values of Si and S3 are plotted against each other and fields of 
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low strain, moderate strain, and high strain are defined; most of the data fall outside the field 
defined by the highest strains of the ring-shear tests (Fig. 21). Also, considering that fabrics 
may have been non-random initially (e.g., the preservation of fabric formed in shearing basal 
ice), strong fabrics due to subglacial deformation would be expected to develop at even 
smaller strains. Moreover, sand-particle fabrics are clearly weaker (mean Si - 0.60 at 
Wedron and 0.63 at Friday 3) than steady-state microfabrics (Si = 0.73-0.74) of laboratory 
experiments. Furthermore, these fabrics are consistent with weak to moderate pebble fabrics 
measured at both Wedron (S,=0.60) and Friday 3 (Si=0.55), which also help exclude the 
possibility of very high shear strains (Hooyer and Iverson, 2000a). 
Another important objective is estimating the thickness of till that deformed. This 
thickness has a major effect on the sediment flux associated with a particular rate of bed 
shear strain (e.g. Alley, 1991). Two end-member cases are commonly invoked: either the 
bed sheared over most of its thickness at a particular time, consistent with the bed-
deformation model, (e.g. Alley, 1991; Jenson et al., 1995; Boulton, 1996b) or the bed sheared 
only in a thin zone near the glacier sole as a result of the lodgment process (e.g. Tulaczyk, 
1999; Larsen et al., 2004; Piotrowski et al., 2004). In the latter case, strain would accumulate 
time-transgressively within thin layers of till "plastered" onto the bed through lodgment. 
Thus, most sediment transport would occur in basal ice, with only a small fraction of the till 
bed shearing at a particular time. 
The fabric-azimuth data indicate that bed deformation occurred in zones that were thin 
relative to the full thickness of the Batestown till. The systematic change in AMS-fabric 
directions across the till facies boundary at Wedron (most apparent at PI) is indicative of a 
change in ice-flow direction from NE-SW to E-W (Fig. 18), indicating that both facies were 
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not sheared simultaneously. At Friday 3, a systematic and progressive change in fabric 
azimuth from E-W to NNE-SSW (Fig. 19) more clearly suggests changes in ice-flow 
directions during till accretion to the bed and limits the maximum deforming thickness of the 
Batestown till to the scale of decimeters. A concern with this interpretation is the possibility 
of "overprinting," such that whole bed may have deformed simultaneously but with different 
initial fabrics at various depths. For example, the upward decrease in fabric strength that 
accompanies the change in fabric direction in the lower portion of the C1 section may 
indicate overprinting by NNE-SSW trending ice flow. However, if overprinting occurred in 
this part of the section, total strain was small because strong fabrics parallel to the strain 
direction would be expected after development of just moderate strains (-20) (Hooyer et al., 
in review; Thomason and Iverson, in press). 
In an attempt to better define the thickness over which the bed simultaneously sheared, 
the fabric distribution around large clasts and boulders was also studied. Such data may help 
indicate whether bed deformation or lodgment dominated subglacial sedimentological 
processes. Equidimensional cobbles and boulders will rotate continuously in a thick shearing 
bed, unlike elongate clasts that rotate into the plane of shearing and remain there (Hooyer and 
Iverson, 2000a). The fabric in the fine-grained matrix in front of these clasts should respond 
to such rotation: sand particles aligned nearly parallel with the bed will be deflected 
downward near the leading edges of a rotating clast and upward near the trailing edges (Fig. 
22a). This pattern is analogous to foliation patterns near porphyroclasts in metamorphic 
rocks (e.g. Passchier and Simpson, 1986) and microstructure patterns near sand grains in tills 
(e.g. Menzies, 2000). Alternatively, fabric patterns near clasts that have plowed and 
subsequently lodged on the bed will not show this symmetry. A prow of till will develop in 
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Figure 22. Sand-particle fabrics expected near equant clasts (a) that rotate in a thick 
deforming till bed or (b) that are subject to plowing and lodgment. 
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front of a clast that has plowed (Clark and Hansel, 1989; Krzyszkowski, 1994), and the prow 
will have a particle-fabric direction distinct from till that is deposited above the prow after 
plowing has ceased (Fig. 22b). Specifically, above the prow particle long axes should plunge 
down-glacier, whereas rotation of clasts within a shearing till layer should deflect particles so 
that they plunge up-glacier in this zone (Thomason and Iverson, in press). 
Sand-particle fabrics near large clasts seem to be consistent with lodgment in some 
cases and clast rotation associated with pervasive bed deformation in others (Fig. 17). 
Fabrics near the upper-leading edges of some clasts (e.g. #2, #4, and #8, Fig. 17) plunge up-
glacier, suggesting that clast rotation was sufficient to deflect particles there. However, 
fabrics plunge down-glacier in this same zone adjacent to other clasts (e.g. # 7, #9, and #11, 
Fig. 17) suggesting that plowing and lodgment occurred during till deposition. 
Thus, the bed appears to have sheared locally over thicknesses of at least several 
decimeters but with lodgment elsewhere that probably included deformation of the bed close 
to the glacier sole. This is a reasonable expectation because the partitioning between 
plowing/lodgment and shear of the bed at greater depths is likely controlled by the magnitude 
of subglacial water pressure (Iverson et al., 1995). The basal water pressure depends on 
factors such as the geometry of the hydraulic system at the ice-bed interface and permeability 
of the till bed, which vary spatially and temporally (Iverson, 1999; Piotrowski et al., 2004). 
In addition, subtle spatial variations in the sizes of grains at the ice-bed interface, which 
couple ice to the soft bed, can affect the degree to which the bed shears subglacially (Iverson, 
1999). 
Considered collectively our data indicate that fabrics were developed in the Batestown 
till through some combination of bed deformation near clasts associated with lodgment and 
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local more pervasive deformation that did not affect more than a small fraction of the bed 
thickness at any one time (Fig. 23). This interpretation may help explain why previous 
studies of this unit have yielded conflicting interpretations. In a major study of Wisconsinan 
deposits at Wedron (at sampling locations different than this study), Johnson and Hansel 
(1990) interpreted the Batestown till as being deposited by lodgment. They did not, 
however, differentiate between basal till facies. In contrast, the Batestown till has been 
interpreted as having sheared throughout its thickness in models of LML flow and sediment 
transport (Jenson et al., 1995; 1996). Moreover, in a later field study, Johnson and Hansel 
(1999) suggested that features within the Batestown till at Wedron and near Friday 3 were 
consistent with bed-deformation models of till deposition (e.g. Boulton, 1996a). The 
Batestown till has most recently been attributed to processes of both till deformation and 
lodgment (Hansel and Stumpf, 2003)—an interpretation broadly consistent with our study. 
The contention that the Batestown till sheared as a unit to very high strains beneath the LML 
(Jenson et al., 1995; 1996) is not supported by our data. 
AMS and sand-particle fabrics also provide the basis for better interpreting the two 
facies (W1 and W2) of the Batestown till at Wedron. Changes in AMS and particle-fabric 
directions between the two till facies and distinct differences in textural properties (grain-size 
distribution and bulk density (Fig. 15)) suggest that these facies at Wedron were the result of 
separate depositional events, in contrast to bed-deformation models of the Batestown till that 
do not consider each facies separately (e.g. Jenson, et al., 1995). Our interpretation is 
generally consistent with Johnson and Hansel (1999), who inferred separate depositional 
phases for each facies based on both the textural difference between them and on stone 
concentrations and channel deposits found occasionally at the boundary between the facies. 
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Figure 23. Schematic depiction of spatial and temporal variability of fabric-forming 
processes in the Batestown till at sequential time steps. 
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However, Johnson and Hansel (1999) suggested that such evidence was consistent with the 
model of Boulton (1996a) who inferred that boulder pavements indicate an erosional 
boundary between an upper deforming bed and lower stable bed. We argue instead that 
within each till facies pervasive high strain was unlikely and that the thickness of bed 
deformation at any time was likely less than the full thickness of either facies. 
These results also bear on the flow directions and the geometry of the margin of the 
LML lobe during the Batestown phase. Changes in fabric azimuths at both Wedron and 
Friday 3 are likely indicative of local changes in ice-flow direction. In particular, abrupt 
changes in the geometry of the ice margin are reflected in the azimuthal data at Friday 3. For 
example, the E-W trending fabrics may indicate ice-flow direction during the advance phase 
and stable terminal margin, as indicated by the N-S trending Eureka moraine (Fig. 24a). 
However, upon retreat the LML likely thinned and divided into sublobes (Fig. 24b). Fabrics 
that trend approximately N-S at Friday 3 reflect NNE-SSW ice-flow directions associated 
with ice retreat to the positions of the Arispie and Mt. Palatine moraines (Fig. 24b, c). 
Conclusions 
The Batestown advance of the LML did not likely shear its bed as predicted by the bed-
deformation model. AMS fabrics and sand-particle fabrics of field samples are generally 
weaker than steady-state fabrics measured in high-strain, ring-shear experiments. 
Furthermore, uniform spatial variations in AMS fabric and microfabric directions within the 
Batestown till exclude the possibility that the entire till unit was sheared simultaneously. 
Rather the bed likely sheared in thin zones near the glacier sole or locally around plowing 
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Figure 24. (a) Maximum extent of the LML during the Batestown advance, (b) Possible 
configuration of the LML during retreat of the Batestown advance, (c) Terminal 
and recessional moraines associated with the LML. Terminal moraine of the 
Batestown is indicated by dark gray. All other Wisconsinan moraines are light 
gray. 
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and lodging clasts. These findings contradict interpretations of some past studies of the 
Batestown till (Jenson et al., 1995; Boulton, 1996b; Johnson and Hansel, 1999) and agree 
with more recent studies of basal-till genesis elsewhere that indicate sediment was 
transported in basal ice with a minimal contribution from shallow-bed shearing (Larsen and 
Piotrowski, 2003; Larsen et al., 2004; Piotrowski et al., 2004). In addition, our data support 
earlier interpretations that the Batestown till was deposited in two separate depositional 
events in the Wedron area and indicate, consistent with end-moraine orientations, that the 
LML margin divided into discrete smaller lobes during its retreat. 
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CHAPTER 5. SUMMARY OF CONCLUSIONS 
A major goal of this study was to study the mechanics of clast plowing experimentally 
for the first time, with a particular focus the effect of plowing speed on plowing resistance. 
A second goal was to experimentally calibrate sand-particle fabric and microshear 
development to shear-strain magnitude in two different basal tills. The particle-fabric results 
and an ancillary experimental study of the development of magnetic fabric (Hooyer at al., in 
review) were used to determine if the bed-deformation model of glacier flow and sediment 
transport is appropriate for the Batestown advance of the Lake Michigan Lobe. 
The shear stresses on clasts that plow through water-saturated till at the surface of a 
soft glacier bed will generally decrease with increasing plowing speed. In till of low 
hydraulic diffusivity excess pore-water pressures develop down-glacier from plowing clasts 
and reduce the strength of till there, which reduces the resistance to plowing. This behavior 
is the opposite of that expected if till behaves as a viscous fluid, which has been assumed 
commonly in models of glacier motion (e.g. Alley, 1989; Jenson et al., 1995). These results 
imply that if plowing of clasts is widespread beneath a soft-bedded glacier, increases in 
plowing speed will reduce the likelihood of the bed shearing at depth and promote rapid 
basal motion focused at the ice-bed interface. Effects on till plowing resistance of ice flow 
past plowing clasts, which were not studied experimentally, will promote, rather than inhibit, 
plowing. Geotechnical theory of cone penetration (Senneset and Janbu, 1985) provides a 
good estimate of plowing resistance that includes the effect of excess pore-pressure on till 
strength, which has not been included in previous plowing models (Brown et al., 1987; 
Iverson, 1999; Tulaczyk, 1999). 
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Microstructures in till become progressively aligned with the shearing direction with 
increasing strain. Sand-particle fabrics become strong (Si ~ 0.74) at low strains (< 7) and 
remain strong to high strains (>20). This result is similar to fabric development associated 
with both anisotropy of magnetic susceptibility (AMS) (Hooyer et al., in review) and pebble 
alignment (Hooyer and Iverson, 2000) in shearing till. Similarly, microshears in the fine 
fraction (silt/clay) become more closely aligned with the shearing direction and abundant as 
strain increases. Thus, these criteria provide a tool to estimate quantitatively the magnitude 
to which former glaciers sheared their beds—a problem that has not been resolved by 
previous studies of microstructures in till (Menzies, 2000; van der Meer, 1997, 2003). 
AMS and sand-particle fabrics were used to test the bed-deformation model as it has 
been applied to the Batestown advance of the Lake Michigan Lobe (Jenson et al, 1995; 
Boulton, 1996). Magnetic fabrics and sand-particle fabrics measured from intact samples of 
the basal till from that advance are not sufficiently strong to indicate the high strains required 
of the bed-deformation hypothesis. Distinct and major changes in fabric direction with depth 
indicate that the Batestown till was not sheared pervasively throughout its full thickness at 
any one time, and the preservation of fabric consistent with plowing and lodgment of some 
small boulders and cobbles supports this conclusion. Instead, deformation of the bed likely 
occurred only locally near the glacier sole during progressive accretion of till to the bed from 
sliding basal ice. These data support a conclusion that was well-accepted prior to the 
proposal of the bed-deformation model of glacier flow and sediment transport: that most 
sediment moved by a glacier is transported in basal ice and that bed deformation contributes 
only minimally to the sediment flux (e.g. Larsen et al., 2004). 
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This study helps demonstrate the value of controlled laboratory experiments when 
testing the bed-deformation hypothesis. Previous inferences from the geologic record have 
been made without the benefit of experimental calibration (Alley, 1991; Hicock and 
Dreimanis, 1992; Boulton, 1996; Boulton et al., 2001; van der Meer, 1997), and have been 
limited in essentially the same way that interpretations of fluvial sedimentary structures were 
limited before the first flume studies (e.g. Gilbert, 1914). Our laboratory results contradict 
models of bed deformation that assert viscous, pervasive deformation of till beds (Alley, 
1989; Jenson et al., 1995; Liccardi et al., 1998) and contradict sedimentological 
interpretations that invoke the bed-deformation model without an experimental foundation 
for interpretations (Menzies, 1989; Johnson and Hansel, 1999; van der Meer, 2003). 
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APPENDIX A 
Instrument calibrations: plowing experiments 
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Figure A1. Calibrations of (a) shear load cells associated with each hemisphere and (b) local 
normal load cell located in the upper platen. 
168 
> 
E 
3 
Q. 
3 O 
1.4 
1.2 4 
1.0 
0.8 4 
0.6 % 
c 0) 
« 0.4 
2 
3 
S 
> 
E 
3 
S-
3 O 
0.2 
o.o 4 
-0.2 
1.0 
0.8 
0.6 -
0.4 -
0.2 -
0.0 -
0 t/3 
C (1) <0 
CD -0.2 
1 -0.4 
2 
ÛL -0.6 
-0.8 
0.0 
Pore pressure sensor 3 
y = 1.1945x + 0.1459 
R2 = 0.9 
Pore pressure sensor 2 
y = 1.1109X-0.2323 
R2 = 0.9993 
Pore pressure sensor 1 
y = 1.0859X-0.2955 
R2 = 0.9823 
Large hemisphere 
Pore pressure sensor 2 
y = 1.1751X-0.2675 
R2 = 0.9984 
Pore pressure sensor 1 
y = 1.1499x-0.5659 
• R2 = 0.9925 
x. D 
Pore pressure sensor 3 
y = 1.2145X-0.6878 
• R2 = 0.8678 
Small hemisphere b 
0.2 0.4 0.6 0.8 1.0 
Water pressure (kPa) 
1.2 
Figure A2. In-situ calibrations of pore-water pressure sensors associated with the (a) large 
hemisphere and the (b) small hemisphere. 
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Figure A3. Consolidation curve of the Engabreen till with pore pressures near the large 
hemisphere (LH) and small hemisphere (SH). Note that the applied normal stress 
in this case is 43 kPa, which is reflected in the peaks of the pore pressures. 
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APPENDIX B 
Results of plowing experiments 
171 
Pore-water pressure sensor 3 
Pore-water pressure sensor 2 
Pore-water pressure sensor 1 
Pore-water pressure sensor 3 
Pore-water pressure sensor 1 
0 20 40 60 80 100 120 
Displacement (mm) 
Figure Bl. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 15 m y"1 with the Des Moines Lobe 
till. Dashed line indicates hydrostatic pore-water pressure (-0.5 kPa). 
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Figure B2. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 30 m y"1 with the Des Moines Lobe 
till. Dashed line indicates hydrostatic pore-water pressure (-0.5 kPa). 
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Figure B3. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 50 m y"1 with the Des Moines Lobe 
till. Dashed line indicates hydrostatic pore-water pressure (~0.5 kPa). 
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Figure B4. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 100 m y"1 with the Des Moines Lobe 
till. Dashed line indicates hydrostatic pore-water pressure (-0.5 kPa). Steady-
state shear stress was not reached with the large hemisphere. At 400 mm 
displacement, the small hemisphere encountered till that was disturbed by the 
large hemisphere, resulting in the reduction in shear stress. 
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Figure B5. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 250 m y"1 with the Des Moines Lobe 
till. Dashed line indicates hydrostatic pore-water pressure (-0.5 kPa). 
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Figure B6. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 380 m y"1 with the Des Moines Lobe 
till. Dashed line indicates hydrostatic pore-water pressure (~0.5 kPa). Dashed 
segments indicate period of malfunctioning sensors. 
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Figure B7. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 15 m y"1 with the Engabreen till. 
Dashed line indicates hydrostatic pore-water pressure (~0.5 kPa). 
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Figure B8. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 30 m y"1 with the Engabreen till. 
Dashed line indicates hydrostatic pore-water pressure (-0.5 kPa). 
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Figure B9. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 50 m y"1 with the Engabreen till. 
Dashed line indicates hydrostatic pore-water pressure (~0.5 kPa). 
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Figure B10. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 180 m y"1 with the Engabreen till. 
Dashed line indicates hydrostatic pore-water pressure (-0.5 kPa). 
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Figure B11. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 300 m y"1 with the Engabreen till. 
Dashed line indicates hydrostatic pore-water pressure (-0.5 kPa). Pore-water 
pressure sensor 1 malfunctioned during the experiment with the large 
hemisphere. 
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Figure B12. Results for (a) the large hemisphere and (b) the small hemisphere for the 
experiment conducted at a plowing speed of 400 m y"1 with the Engabreen till. 
Dashed line indicates hydrostatic pore-water pressure (~0.5 kPa). 
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APPENDIX C 
Plowing model 
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Shear strength of till 
Cone penetration theory provides the framework for modeling shear stress on a 
plowing hemisphere in the ring-shear device. From Senneset and Janbu (1985), the net 
bearing resistance, r„, on a cone penetrometer that is due solely to the shear strength of 
sediment is expressed as 
where t„ is equal to the recorded resistance, rc ,  minus the total normal stress, p. Thus, 
which is analogous to the stress measured in our plowing experiments. The force on the 
leading edge of a plowing hemisphere, Fs, is 
where Ac is the cross sectional area of the leading edge of the hemisphere, nR2/2. The shear 
force on the hemisphere is applied over the plan-view area of the hemisphere, so the shear 
stress, TS, is 
Thus, Equations (3) and (4) indicate that the shear stress on a plowing hemisphere is 
(1) 
(3) 
(5) 
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Excess pore-water pressures 
The excess pore-water pressure gradient around a plowing hemisphere may also 
contribute significantly to the resistance to plowing. If we consider the measured pore-water 
pressures directly in front of and behind a hemisphere, u/ and respectively, we can 
integrate the components of those pressures that are parallel to plowing over the surface of 
the hemisphere. From Figure 16, the pore-water pressure at any point along the hemisphere 
surface can be expressed as Uf- k0, where k=UfUb/n. The force parallel to the plowing 
direction, Fw, due to the pore water pressure gradient across the hemisphere is 
1 27!n 
Fw =— - k0)cos0 R2  sin Odd da . 
2 0 o 
(6) 
Evaluating the integral: 
1 111 f n I 
F w =  —  K / ? 2  | ( mz  -k0)cos0sm0d0 \da (7) 
1 2l f 71 I 
= — y,R2u f  ^cosdsmOdO-kR2  ^OcosQsmOdO >da (8) 
4 1  -—cos2 0 
ïï 
-kR2  - — 0 cos 20 +—sin 20 
7t 
'da 
2 0 4 8 0 
(9) 
=0 - u f R 2  cos2 6  +  - k R 2 0 cos20--kR2  sin 20 da (10) 
fj{cW ( i i )  
where 
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C  =  - — u f R 2  cos2 0+—kR20cos20-—kR2  sin2# 1 
2^ 4 
F.=-C2^.  
Thus, the component of shear stress due to the pore-water pressure gradient, 
T — " 
The total resistance to plowing, T, is given by 
r = f, +TW-
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APPENDIX D 
Field data 
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AMS profiles 
Wedron, PI 
V, v2 v3 
Sample n azi,° pl,° azi,° Pl,° azi,° pl,° s, s2 s3 
1 25 55 9.1 292.8 73.3 147.3 13.9 0.8371 0.1327 0.0302 
2 25 60.3 16.1 153.2 9.9 273.5 70.9 0.9492 0.0359 0.0150 
3 25 53.1 14.4 144.2 4.1 249.6 75 0.9397 0.0540 0.0063 
4 25 49.9 30.6 151.6 18.9 268.5 52.9 0.8813 0.0831 0.0356 
5 25 261 19.1 356.4 15.4 122.9 65.1 0.8364 0.1392 0.0244 
6 25 283.6 19.7 187.9 15.3 62.8 64.6 0.9216 0.0568 0.0216 
7 25 283.4 18.6 181.8 30.9 39.8 52.8 0.8177 0.1121 0.0702 
8 25 266.8 20.8 358.5 4.6 100.3 68.6 0.7794 0.1343 0.0862 
9 25 341.1 59.2 78.8 4.6 171.6 30.3 0.4026 0.3887 0.2088 
Wedron, P2 
V, v2 v3 
Sample n azi,° pl,° azi,° pl,° azi,° pl,° s, s2 s3 
1 25 112.9 7.6 16 41.6 211.2 47.3 0.9495 0.0438 0.0067 
2 25 342.7 24.9 90.6 33.6 224 46 0.8273 0.1546 0.0181 
3 25 89.9 50.5 350.7 7.5 254.7 38.5 0.9367 0.0428 0.0205 
4 25 110.3 67.2 358.8 8.7 265.5 20.9 0.8954 0.0589 0.0457 
5 25 229.8 17.9 320.2 1.2 54 72.1 0.8919 0.0874 0.0207 
6 25 271 24.7 152.5 46 18.8 33.7 0.9160 0.0591 0.0249 
7 25 225 23.9 318.2 7.2 64 64.8 0.8876 0.0892 0.0232 
8 25 237.6 17.6 142.6 15.2 14.1 66.4 0.7095 0.2447 0.0458 
9 25 259.6 10.1 166.1 19.3 15.7 68 0.4606 0.3001 0.2393 
Wedron, P3 
V, v2 v3 
Sample n azi,° pl-° azi,° pl,° azi,° pl,° S, S2 s3 
1 25 144.4 31.8 53.2 2 320 58.2 0.6953 0.2719 0.0328 
2 25 214.4 21.1 121.4 7.6 12.7 67.4 0.8530 0.1084 0.0386 
3 25 97.1 18 1.8 15.8 233 65.7 0.7572 0.1952 0.0476 
4 25 103.5 17.3 194.18 4.4 298.7 72.1 0.8715 0.1020 0.0264 
5 25 239.6 20.1 338.3 22.7 112.3 58.9 0.9108 0.0662 0.0230 
6 25 243.1 2.4 334.7 34.2 149.6 55.7 0.8359 0.1293 0.0348 
7 25 250.1 27.2 157.1 5.7 56.3 62.1 0.6270 0.2796 0.0934 
8 25 204.5 12 108.5 26.2 316.9 60.8 0.6152 0.3734 0.0113 
9 25 245.8 28.4 151.9 7.2 48.9 60.6 0.7145 0.2214 0.0641 
Friday 3, CI 
V, v2 v3 
Sample n azi,° pl,° azi,° PV azi,° pl.° S, s2 s3 
1 25 35.6 11.9 128.3 12.7 263.8 72.4 0.6483 0.2167 0.1350 
2 25 111.2 44.3 244.2 34.9 353.6 25.4 0.8475 0.1174 0.0351 
3 25 104.5 36.3 261.4 51.4 6 11.4 0.9193 0.0530 0.0278 
4 25 99.3 11.4 194.7 25 346.8 62.2 0.5985 0.2647 0.1367 
5 25 94.6 26.3 352 23.8 225.9 53.2 0.7302 0.2024 0.0675 
6 25 80.1 24.9 189.2 35.1 322.9 44.5 0.7934 0.1310 0.0756 
7 25 113.7 25.6 10.9 24.8 243.2 53 0.6273 0.3269 0.0458 
8 25 124.9 12.8 23.7 40.5 228.8 46.7 0.6138 0.3313 0.0549 
9 25 143.4 2.9 50.8 42.1 236.7 47.8 0.5214 0.4442 0.0344 
10 25 14.8 25.2 110.9 12.7 225.2 61.3 0.4851 0.4346 0.0803 
11 25 50 38.9 152.8 15.4 259.9 47 0.5381 0.3428 0.1191 
12 25 29.4 22.1 291.7 18.3 165.7 60.7 0.8883 0.0754 0.0363 
13 25 11.1 29.7 121.6 31.6 247.9 43.9 0.8062 0.1274 0.0664 
14 25 20.5 29.9 288.8 3.1 193.4 59.9 0.8683 0.0820 0.0497 
15 25 13.3 28.2 113.6 18.5 232.5 55.3 0.8082 0.1318 0.0599 
16 25 354.3 32.4 253.9 16 141.6 53 0.9161 0.0567 0.0273 
17 25 1.8 34.6 95.5 5.3 193.1 54.8 0.7448 0.1925 0.0627 
18 25 173.3 14.4 355.8 75.6 263.4 0.6 0.4939 0.3122 0.1940 
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Sand-particle fabric profiles 
Wedron, PI 
horizontal plane vertical plane 
Sample n m* V|, azimuth," s, n m* V„ plunge," s, 
1 81 9 46 0.5627 85 10 53.4 0.6098 
2 78 10 69.3 0.7004 127 20 24 0.7322 
3 95 27 82.4 0.7455 74 10 15.8 0.6777 
4 146 21 218.4 0.7374 106 19 33.4 0.7199 
5 192 30 242.3 0.6736 170 17 13.3 0.5986 
6 127 13 222.5 0.5228 171 15 18.6 0.5827 
7 97 12 279.9 0.6630 167 17 5 0.6472 
8 179 21 260.3 0.6330 201 24 15.8 0.6050 
9 192 24 62.7 0.6180 190 19 8 0.5308 
Wedron, P2 
horizontal plane vertical plane 
Sample n m* Y,, azimuth," s, n m* V,, plunge," s, 
1 113 12 55.9 0.5483 118 13 1.5 0.5688 
2 91 12 8.4 0.6357 109 12 15.4 0.6195 
3 87 9 82.3 0.5515 173 15 23.8 0.6002 
4 199 21 73.9 0.6235 216 21 2.3 0.5626 
5 222 20 254.9 0.5813 253 28 2.1 0.5824 
6 258 39 74.7 0.7011 247 24 6.1 0.5924 
7 236 23 219.5 0.5979 232 32 6.1 0.6255 
8 183 25 96.7 0.6639 256 28 5.2 0.6240 
9 228 25 233.5 0.6279 239 28 0.4 0.5985 
Friday 3, CI 
horizontal plane vertical plane 
Sample n m* V,, azimuth," s, n m* V|, plunge," s, 
1 228 29 86 0.6675 312 30 38.8 0.5854 
2 177 29 81.5 0.6479 245 23 28.4 0.6090 
3 181 23 100.6 0.7295 231 35 27.3 0.7239 
4 121 12 238.5 0.5902 192 20 19.4 0.5567 
5 102 10 255.3 0.5956 150 19 37.5 0.6383 
6 116 15 54.2 0.6951 282 27 19.4 0.6192 
7 219 23 78.8 0.6418 249 26 33.2 0.6727 
8 132 11 74.9 0.5849 262 25 33.3 0.6291 
9 177 19 109.6 0.5526 267 27 34.5 0.5700 
10 129 16 181.4 0.6605 151 14 69.2 0.5894 
11 173 18 41.4 0.5820 243 23 36.2 0.6033 
12 148 23 36.4 0.7582 200 20 26 0.6420 
13 150 18 35.1 0.6382 175 18 31 0.5815 
14 155 20 1.9 0.6235 204 21 34.9 0.6156 
15 115 15 39 0.6671 223 23 44.2 0.5810 
16 163 19 5.7 0.6639 204 24 41.4 0.6926 
17 136 13 22 0.6306 149 20 63.6 0.7054 
18 139 15 103 0.5768 199 27 85.8 0.6234 
*m is the number of particles in the major mode of rose diagrams. 
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Sand-particle fabric near large clasts 
Sample n m* azimuth,0 plunge,0 s, 
IB 204 20 60 11.7 0.6439 
2A 237 27 60 46.1 0.5994 
2B 224 21 60 63.9 0.6039 
3A 265 21 60 50.5 0.5186 
4A 244 25 60 39.1 0.6496 
4B 248 29 240 n
 
oo
 
0.6485 
5A 264 24 60 60.5 0.5738 
6A 340 37 60 40.7 0.6572 
6B 360 46 60 76.8 0.6511 
7A 297 27 240 46.8 0.5314 
8A 215 24 60 47.9 0.6078 
9A 317 29 240 43.2 0.5403 
9B 282 23 60 60.4 0.5895 
10A 258 29 60 57.2 0.6924 
11A 200 27 240 28.1 0.6345 
1 IB 211 21 240 4.7 0.6399 
*m is the number of particles in the major mode of rose diagrams. 
